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John K. Pinnegar, Georg H. Engelhard, Miranda C. Jones,
William W.L. Cheung, Myron A. Peck, Adriaan D. Rijnsdorp
and Keith M. Brander
Abstract
Fishers and scientists have known for over 100 years that the status of ﬁsh stocks can be
greatly influenced by prevailing climatic conditions. Based on historical sea surface
temperature data, the North Sea has been identiﬁed as one of 20 ‘hot spots’ of climate
change globally and projections for the next 100 years suggest that the region will continue
to warm. The consequences of this rapid temperature rise are already being seen in shifts in
species distribution and variability in stock recruitment. This chapter reviews current
evidence for climate change effects on ﬁsheries in the North Sea—one of the most
important ﬁshing grounds in the world—as well as available projections for North Sea
ﬁsheries in the future. Discussion focuses on biological, operational and wider market
concerns, as well as on possible economic consequences. It is clear that ﬁsh communities
and the ﬁsheries that target them will be very different in 50 or 100 years’ time and that
management and governance will need to adapt accordingly.
12.1 Introduction
The North Sea remains one of the world’s most important
ﬁshing grounds. In 2013, around 3.5 million tonnes of ﬁsh
and shellﬁsh were taken from the region (2.6 million tonnes
by EU countries), approximately 55 % of the total for EU
countries as a whole. European ﬁsheries are very diverse,
ranging from highly industrialised distant-water ﬁsheries to
small-scale artisanal ﬁsheries that typically operate near the
coast. EU citizens consume large quantities of seafood each
year (currently around 23.3 kg on average per person), and
rely on ﬁsheries for health and well-being, as well as for
supporting more than 120,000 jobs directly and a further
115,000 in ﬁsh processing (STECF 2013). There has been
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much debate in the literature with regard to the extent to
which ﬁsheries might be sensitive to climate change and a
number of national-scale assessments have been conducted,
for example for the United Kingdom (Cheung et al. 2012;
Pinnegar et al. 2013). To date, however, no North Sea-wide
assessment of climate impacts on the ﬁsheries sector has
been carried out and there is limited information for many
countries despite the wide-scale and well-documented
implications.
12.2 Overview of North Sea Fisheries
Commercial ﬁshing activity in the North Sea is mostly
undertaken by ﬁshers from the UK (England and Scotland),
Denmark, the Netherlands, France, Germany, Belgium and
Norway (Fig. 12.1). Total ﬁsh removals are dominated by
pelagic species (those that swim in the water column, above
the seabed) such as herring Clupea harengus (986,471
tonnes), sprat Sprattus sprattus (143,581 tonnes), and
mackerel Scomber scombrus (644,762 tonnes), although
demersal ﬁshes are also important. Demersal ﬁsh are those
that live close to the sea floor and are typically caught by
‘otter trawlers’. The most important demersal species
include Atlantic cod Gadus morhua, haddock
Melanogrammus aegleﬁnus and whiting Merlangius mer-
langus, although a wide variety of other species such as
saithe Pollachius virens and monkﬁsh Lophius piscatorius
are also caught. Total demersal ﬁshing effort has decreased
dramatically over the past 10 years. The estimated overall
reduction in effort (kW days at sea) by 2013 amounted to
43 % compared to the average for 2004–2006. Most land-
ings in the demersal otter-trawl ﬁshing sector are taken from
the northern North Sea (Fig. 12.1) and the ﬁshery is over-
whelmingly dominated by Danish, UK, Norwegian and
German vessels.
Major Nephrops norvegicus (langoustine) grounds in the
North Sea include the Flåden Ground, the Farne Deeps (NE
England), Botany Gut (central North Sea) and Horns Reef
(west of Denmark). Landings of Nephrops have increased in
recent years, from 10,613 tonnes in 1990 to a maximum of
90,996 tonnes in 2010, and this reflects restrictions on gear
types with larger mesh-size, targeting demersal white-ﬁsh.
The North Sea beam trawl ﬁshery mainly targets flatﬁsh
(sole Solea solea and plaice Pleuronectes platessa), but is
also known to catch cod, whiting and dab Limanda limanda.
The average distribution of ﬁshing effort in this sector is
illustrated in Fig. 12.1 which suggests that beam trawlers
typically operate in the southern North Sea. The Dutch beam
trawl fleet is the major player in the mixed flatﬁsh ﬁshery,
although Belgian and UK-flagged vessels also operate in this
ﬁshery. Total ﬁshing effort by the North Sea beam trawl fleet
has reduced by 65 % over the last 15 years and there has
also been a shift towards electronic pulse trawls more
recently (ICES 2014a).
Fisheries for herring use midwater trawl gears (50–
55 mm mesh) and target discrete shoals of ﬁsh that are
located using echosounding equipment. There is also a
purse-seine ﬁshery for herring in the eastern North Sea
(Dickey-Collas et al. 2013). The stock is ﬁshed throughout
the year, with peak catches between October and March.
Landings of herring in the autumn are predominantly taken
from Orkney and Shetland, off Peterhead, northwest of the
Dogger Bank and from coastal waters off eastern England.
Landings in the spring are concentrated in the south-western
North Sea.
The North Sea is subject to major industrial ﬁsheries
targeting sandeel Ammodytes marinus, Norway pout Tri-
sopterus esmarkii, blue whiting Micromesistius poutassou,
sprat, and juvenile herring. These ﬁsh are mainly caught on
offshore sand-banks using ﬁne-meshed (8–32 mm) midwater
trawls (Dickey-Collas et al. 2013). The sandeel ﬁshery was
the largest single-species ﬁshery in Europe with peak land-
ings in 1997 exceeding 1 million tonnes. The fleet has since
declined in size. Total sandeel landings in 2013 were
529,141 tonnes (15 % of total landings), Norway pout
Fig. 12.1 Spatial distribution of international ﬁshing effort in the
North Sea by beam trawlers (upper) and demersal otter trawlers
(lower), averaged by year over the periods 1990–1995 (left) and 2003–
2012 (right). Light to dark shading indicates the number of hours
ﬁshing in each ICES rectangle (redrawn from Engelhard et al. 2015)
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landings were 155,752 tonnes (4 %) and blue whiting
17,645 tonnes (0.5 %). All of these short-lived industrial
species are thought to be heavily influenced by climatic
variability (e.g. Arnott and Ruxton 2002; Hátún et al. 2009).
12.3 Climate Change and Fisheries
There can be many different manifestations of climate
change. The most noticeable effect is an increase in average
seawater temperature over time, but the seasonality of
warming and cooling is also expected to change. The North
Sea has witnessed signiﬁcant warming over the past century
at a rate of around 0.3 °C per decade (Mackenzie and
Schiedek 2007). The region has been identiﬁed as one of 20
‘hot spots’ of climate change globally, i.e. discrete marine
areas where ocean warming has been fastest, as quantiﬁed
from historical sea surface temperature data (Hobday and
Pecl 2014). Projections suggest that the region will continue
to experience warming, by around 2–3 °C over the next
100 years (Lowe et al. 2009). Climate change can also
encompass other environmental influences or parameters
such as changes in precipitation and run-off (and hence
salinity and stratiﬁcation), and storm frequency and intensity
(Woolf and Wolf 2013) that may in-turn greatly impact
ﬁshing operations, and changes in chemical conditions such
as dissolved oxygen concentrations, carbonate chemistry and
seawater pH (Blackford and Gilbert 2007).
In this overview of climate change impacts on North Sea
ﬁsheries, all of these climatic influences are considered.
Climate change will have consequences not only for the
animals supporting ﬁsheries (biological responses—see
Table 12.1) but also direct and indirect implications for
ﬁshery operations—such as storm damage to gear, vessels
and infrastructure, changes in catchability of species and
maladaptation of quota allocation, etc. (Table 12.1). Fur-
thermore, climate change elsewhere in the world can have
consequences for the ﬁshing industry closer to home, via
globalised ﬁsh markets and commodity chains.
The following sections outline available evidence for
climate change effects on ﬁsheries in the North Sea as well
as available projections for North Sea ﬁsheries in the future.
This assessment is based on Table 12.1, with a discussion of
biological, operational and wider market concerns, including
analyses of possible economic implications.
12.3.1 Biological Responses
12.3.1.1 Changes in Fish and Fishery
Distribution
Long-term changes in seawater temperature and/or other
ocean variables often coincide with observed changes in ﬁsh
distribution. In an analysis of 50 ﬁsh species common in
waters of the Northeast Atlantic, 70 % had responded to
warming by changing distribution and abundance (Simpson
et al. 2011). Speciﬁcally, warm-water species with smaller
maximum body size had increased in abundance throughout
northwest Europe while cold-water, large-bodied species had
decreased in abundance.
Distribution and abundance are the traits that are the most
readily observed responses. However, many processes
interact when considering ﬁsheries and climate change, and
these are a manifestation of both biological and human
processes. None of these factors act in isolation and many
are synergistic. The responses are rarely linear. In ﬁsh, it is
clear that climate affects physiology and behaviour. These
processes interact to influence migration, productivity
Table 12.1 Factors related to the North Sea ﬁshing industry that could be affected by climate change
Biology—Fish and shellﬁsh Fishery operations Fish markets and commodity chains
• Year-class strength (recruitment)
• Migration patterns
• Distribution/habitat suitability
• Growth rate
• ‘Scope for growth’ and energetic
balance
• Phenology (timing of spawning
etc.)
• Activity levels
• Prey availability
(match/mismatch)
• Exposure to predators
• Pathogen and pest incidence
• Calciﬁcation and internal
carbonate balance (shellﬁsh)
• Damage/disturbance of key
nursery/spawning habitats
• Catchability (performance of the ﬁshing
gear)
• Vessel safety and stability (e.g. storminess)
• Fuel usage (to follow the shifting ﬁsh)
• Restrictive TACs and quotas (EU relative
stability arrangements)
• Effectiveness of spatial closures in
protecting spawning/nursery areas
• New resource species, requiring new
ﬁshing gears
• Storm damage to ports, harbours and
onshore facilities
• Damage to gear and vessels (e.g. storm
damage to ﬁxed gears)
• Preservation of catch on-board vessels
• Fouling of vessel hulls
• Unwanted ‘choke species’ that constrain
ﬁshing operations
• New markets for novel species
• Demand for ﬁsh (nationally and internationally)
• Storm damage to processing facilities on land
• Storm/flooding disruption to transport routes to
market
• Availability of alternative resources (nationally and
internationally) including imports
• Changes in processing requirements
• Stability of incomes for ﬁshermen and processors
• Quality/robustness of product (e.g. shellﬁsh)
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(growth of populations minus decline in populations), sus-
ceptibility to disease and interactions with other organisms.
Changes in distribution and abundance are the aggregate
responses to these changed processes.
Archaeological evidence can sometimes yield useful
insights into historical changes in the distribution and pro-
ductivity of ﬁsh and the response of ﬁsheries. The bones of
warm-water species such as red mullet Mullus surmuletus
have been recovered from archaeological excavations
throughout northern Europe. This species has only recently
returned to the North Sea in reasonable numbers (Beare et al.
2005), but was apparently widespread during the Roman
period (AD 64–400) (Barrett et al. 2004). Enghoff et al.
(2007) listed a number of occurrences of warm-water species
(e.g. red mullet, seabass Dicentrarchus labrax, anchovy
Engraulis encrasicolus, and seabream Spondyliosoma can-
tharus) among bone assemblages, surrounding the North
Sea, from the 1st to the 16th century AD. Alheit and Hagen
(1997) identiﬁed nine periods, each lasting several decades,
during which large quantities of herring were caught close to
the shore in the North Sea. Each of these coincided with
severe winters in western Europe with extremely cold air and
water temperatures and a reduction in westerly winds;
physical factors associated with negative anomalies of the
North Atlantic Oscillation (NAO) index.
Highly-cited studies using time-series from ﬁshery-
independent surveys (Beare et al. 2004a; Perry et al. 2005;
Dulvy et al. 2008) have revealed that centres of ﬁsh distri-
bution in the North Sea shifted by distances ranging from 48
to 403 km during the period 1977–2001, and that the North
Sea demersal ﬁsh assemblage has deepened by about 3.6 m
per decade over the past 30 years (Dulvy et al. 2008).
Species richness increased from 1985 to 2006 which Hid-
dink and Ter Hofstede (2008) suggested was related to cli-
mate change. Eight times as many ﬁsh species displayed
increased distribution ranges in the North Sea (mainly
small-sized species of southerly origin) compared to those
whose range decreased (primarily large and northerly spe-
cies). For a more localised region of the Dutch coast, van
Hal et al. (2014) demonstrated latitudinal range shifts and
changes in abundance of two non-commercial North Sea ﬁsh
species, solenette Buglossidium luteum and scaldﬁsh
Arnoglossus laterna that were strongly related to the
warming of the coastal waters. For pelagic ﬁsh species, a
recent paper by Montero-Serra et al. (2015) investigated the
patterns of species-level change using records from 57,870
ﬁsheries-independent survey trawls from across the Euro-
pean continental shelf between 1965 and 2012. These
authors noted a strong ‘subtropicalisation’ of the North Sea
as well as the Baltic Sea. In both areas, there has been a shift
from cold-water assemblages typically characterised by
Atlantic herring and sprat from the 1960s to 1980s, to
warmer-water assemblages typiﬁed by mackerel, horse
mackerel Trachurus trachurus, sardine Sardina pilchardus
and anchovy from the 1990s onwards. The primary measure
correlated to changes in all species was sea surface tem-
perature (Montero-Serra et al. 2015).
Analyses of Scottish and English commercial catch data in
the North Sea spanning the period 1913–2007 have revealed
that the locations where peak catches of target species such as
cod, haddock, plaice and sole were obtained have all shifted
over the past 100 years, albeit not in a consistent way
(Engelhard et al. 2011, 2014b). For example, catches of cod
seem to have shifted steadily north-eastward and towards
deeper water in the North Sea (Engelhard et al. 2014b) and
this reflects both climatic influences and intensive ﬁshing.
Plaice distribution has shifted north-westwards (Fig. 12.2)
towards the central North Sea, again reflecting climatic
influences, in particular sea surface temperature as also
conﬁrmed by van Keeken et al. (2007). Somewhat confus-
ingly, sole seems to have retreated away from the Dutch
coast, southwards towards the eastern Channel although this
too is thought to have been a response to warming. Sole is a
warm-water species that traditionally moved offshore in
winter to avoid excessively low temperatures in the shallows.
Cold winters are known to have coincided with mass die-offs
of sole (e.g. Woodhead 1964), but in recent years shallower
waters surrounding the North Sea have remained habitable all
year round (winter conditions are less severe), and hence the
apparent southward and shallowing shift (Engelhard et al.
2011). Haddock catches have moved very little in terms of
their centre of distribution, but their southern boundary has
shifted northwards by approximately 130 km over the past
80–90 years (Skinner 2009).
Theoretically, in the northern hemisphere, warming
results in a distributional shift northward, and cooling draws
species southward (Burrows et al. 2007). Heath (2007)
looked at patterns in international ﬁsheries landings for the
whole Northeast Atlantic region. Densities of landings of
each species were summed by decade and expressed as a
proportion of the total. Both northerly and southerly shifts
were observed between decades for individual species,
however more species shifted south than north between the
1970s and 1980s (a relatively cool period) and vice versa
between the 1980s and 1990s (a relatively warm period). This
seems to parallel observed inter-decadal changes in sea and
air temperatures.
Distribution shifts will have ‘knock on’ implications for
commercial ﬁsheries catches because changes in migration
or spawning location affect the ‘availability’ of resources to
ﬁshing fleets. Populations may move away from or towards
the area where particular ﬁshing fleets operate and/or where
spatial restrictions on ﬁshing are in place. Furthermore,
species distributions may migrate across political boundaries
where quotas belong to different nations. A notable example
has arisen recently as a result of quota allocations between
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Norway and the EU, and between Iceland, the Faroe Islands
and the EU. In October 2009, North Sea mackerel appeared
to have moved away from the Norwegian Sector (possibly as
a result of excessively cold conditions near the Norwegian
coast), resulting in disagreements over permissible catches
by Norwegian boats in EU waters. Norwegian vessels were
forcibly evicted by UK ﬁshery patrol vessels, once they had
caught their allotted quota (see Fishing News, 9 October
2009). At the same time Iceland and the Faroe Islands uni-
laterally claimed quota for mackerel (146,000 and 150,000
tonnes respectively in 2011 or 46 % of the total allowable
catch, TAC), since the species had suddenly attained high
abundance in their territorial waters. Whether the apparent
changes in mackerel distribution westwards across the
northern North Sea were a result of long-term climate
change or not remains unclear. Hughes et al. (2014) sug-
gested that sea surface temperature had a signiﬁcant positive
association with the observed northward and westward
movement of mackerel, equivalent to a displacement of
37.7 km per °C (based on spring mean sea surface temper-
ature for the region). By contrast, historical appearances of
mackerel in the western North Sea and off the coast of
Iceland (Beare et al. 2004a) coincided with warming periods
linked to the Atlantic Multidecadal Oscillation (AMO) and
might not be symptomatic of long-term climate change.
Whatever the case—with climate change in the future, more
territorial disagreements of this type could be anticipated
(Hannesson 2007) and ﬁsheries management will need to
adapt accordingly (Link et al. 2011).
A similar phenomenon is now occurring in the English
Channel and southern North Sea region with regard to access
to European anchovy. Anchovy stocks are currently depleted
in the Bay of Biscay where Spanish and French vessels
operate, but are increasing further north along southern
coasts of the UK and especially along Dutch coasts (Beare
et al. 2004b) where they are starting to be targeted by pelagic
ﬁshing vessels. Detailed political negotiations are underway
to determine whether Spanish and French vessels should be
allowed exclusive access in areas where previously they had
no quota, and indeed whether the more northerly distributed
anchovy represent the same or a genetically different
sub-stock to those in the Bay of Biscay. In 2012 a study was
published (Petitgas et al. 2012) drawing on four different
strands of evidence: genetic studies, larval transport mod-
elling, survey time series and physical oceanographic mod-
els. The study concluded that anchovy in the southern North
Sea are most likely to be a distinct remnant sub-stock that
was previously present (see Aurich 1953), but is now ben-
eﬁting from greatly improved climatic conditions rather than
an invasion of animals from further south. According to
Fig. 12.2 Decadal change in
North Sea plaice distribution,
1920s to 2000s, based on ﬁsheries
catch-per-unit-effort (CPUE).
Shading is proportional to plaice
CPUE, normalised by decade and
corrected for the average
spawning stock biomass (SSB).
Adapted from Engelhard et al.
(2011)
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Alheit et al. (2012), the anchovy population from the west-
ern Channel (not from the Bay of Biscay) invaded the North
Sea and Baltic Sea during positive periods of the AMO.
Given this evidence and according to the rules of ‘relative
stability’ within the EU Common Fisheries Policy, Spanish
and French vessels would not necessarily be granted
exclusive access to this expanding resource, unlike the pre-
sent situation in the Bay of Biscay.
Under the EU Common Fisheries Policy, a number of
closed areas have been implemented as ‘technical measures’
to conserve particular species and to protect nursery or
spawning grounds. In the North Sea, these include closure
areas to protect plaice, herring, Norway pout and sandeel. If
species shift their distribution in response to climate change
then it is possible that such measures will become less
effective in the future (van Keeken et al. 2007). Juvenile
plaice are typically concentrated in shallow inshore waters of
the southeast North Sea and move gradually offshore as they
grow. In order to reduce discarding of undersized plaice,
thereby decreasing mortality and enhancing recruitment to
the ﬁshery, the EU ‘Plaice Box’ was introduced in 1989,
excluding access to beam and otter trawlers larger than 300
hp. However recent surveys in the Wadden Sea have shown
that 1-group plaice are now completely absent from the area
where they were once very abundant. Consequently, the
‘Plaice Box’ is now less effective as a management measure
for plaice than was the case 10 or 15 years ago. The
boundaries of, and expected beneﬁts from marine protected
areas (MPAs) may need to be ‘adaptive’ in the future in the
context of climate change. Cheung et al. (2012) looked at
other ﬁshery closure areas in the North Sea and noted that
they will most likely experience between 2 and 3 °C
increases in temperature over the next 80–100 years and
consequently it is unlikely that the species they are designed
to protect now will occur there in the same numbers in the
future given deﬁned temperature tolerances or preferences of
speciﬁc ﬁshes (Freitas et al. 2007; Pörtner and Peck 2010).
Fishers have witnessed and responded to a number of
new opportunities in recent years, as warm-water species
have moved into the North Sea and/or their exploitation has
become commercially viable for the ﬁrst time. Notable
examples include new or expanding ﬁsheries for seabass, red
mullet, John dory Zeus faber, anchovy and squid Loligo
forbesi.
Biomass estimates for seabass in the eastern Channel
quadrupled from around 500 tonnes in 1985, to in excess of
2100 tonnes in 2004/2005, with populations also increasing
rapidly in the southern North Sea (Pawson et al. 2007). This
was attributed to an increase in seawater temperature,
especially in the winter and has resulted in a dramatic
expansion of seabass ﬁsheries both within the commercial
sector and the recreational ﬁshing sector. Seabass are caught
by angling on the east coast of Scotland and in Norway, but
the northernmost limit of the commercial seabass ﬁshery is
around Yorkshire (54°N) in the North Sea. In 2013, 2243
tonnes of seabass were landed by countries surrounding the
North Sea and eastern English Channel (Fig. 12.3), com-
pared with only 210 tonnes in 1990. However recent anec-
dotal evidence (ICES 2012) seems to suggest that the
increase in catches may have slowed slightly, as a result of
successive cold winters in 2009/10, 2010/11, and 2011/12
likely leading to poor recruitment (Fig. 12.3).
Red mullet is a non-quota species of moderate, but
increasing, importance to North Sea ﬁsheries. From 1990
onwards, international landings increased strongly. France is
the main country targeting this species although UK and
Dutch commercial catches have also increased. Total inter-
national landings rose from only 537 tonnes in 1990 to a
peak in landings of 4555 tonnes in 2007. Beare et al. (2005)
demonstrated that red mullet is one of many species that
have become signiﬁcantly more prevalent in North Sea
bottom trawl surveys in recent years, rising from
near-absence during surveys between 1925 and 1990, to
about 0.1–4 ﬁsh per hour of trawling between 1994 and
2004. Red mullet is also among the ﬁsh species that have
entered the North Sea from both the south and north-west,
through the Channel and along the Scottish coast, respec-
tively (Beare et al. 2005).
Although numbers are highly uncertain, there are strong
indications that squid are generally becoming more abundant
in the North Sea, possibly in response to a change in climate
(Hastie et al. 2009a). Cephalopod populations are suggested
to be highly responsive to climate change (Sims et al. 2001;
Hastie et al. 2009a) and growth in squid availability in the
North Sea is generating considerable interest among ﬁshers
off the Scottish coast (Hastie et al. 2009b). Off north-east
Scotland, where most of the squid are found, more boats are
now trawling for squid than for the region’s traditional target
species, such as haddock and cod (Hastie et al. 2009b). New
squid ﬁsheries are also emerging in the Netherlands using
bright lamps and hooked lines (Fish News September 2007).
Total international landings have risen from 2612 tonnes in
1990 (375 tonnes in 1980) to 3417 tonnes in 2013 (see
Fig. 12.3). In the English Channel, loliginid squid catches
seem to be related to mean sea surface temperature (Robin
and Denis 1999). Temperature appears to influence recruit-
ment strength and overall distribution (Hastie et al. 2009a).
The North Sea bottom trawl fleet typically catches many
different species in the same haul, thus making it virtually
impossible to devise effective management measures that are
well suited to the protection or rebuilding of any particular
stock without affecting others. In October 2014, the EU
introduced reforms to the Common Fisheries Policy that
included a ban on discarding and thus a requirement to land
all ﬁsh caught. To allow ﬁshers to adapt to the change, the
landing obligation will be introduced gradually, between
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2015 and 2019 for all commercial ﬁsheries (species under
TACs, or under minimum sizes), however this new measure
necessitates that once the least plentiful quota species in a
mixed ﬁshery—the ‘choke species’—is exhausted, the
whole ﬁshery must cease operation. Baudron and Fernandez
(2015) have argued that many commercial ﬁsh stocks are
beginning to recover under more sustainable exploitation
regimes and, in some cases, as a result of favourable climatic
conditions. For example, northern European hake Merluc-
cius merluccius a warm-water species, witnessed a dramatic
increase in biomass between 2004 and 2011 and has reco-
lonised the northern North Sea where hake had largely been
absent for over 50 years. These changes have implications
for the management of other stocks. Notably, if discards are
banned as part of management revisions, the relatively low
quota for hake in the North Sea will be a limiting factor (the
so-called ‘choke’ species) which may result in a premature
closure of the entire demersal mixed ﬁshery (Baudron and
Fernandez 2015).
Modelling strategies for predicting the potential impacts
of climate change on the natural distribution of species and
consequently the response of ﬁsheries have often focused on
the characterisation of a species’ ‘bioclimate envelope’
(Pearson and Dawson 2003). In other words, by looking at
the current range of temperatures inhabited by a species, it is
possible to predict future distribution, on the basis that the
physical environment in an area is likely to change in the
future. Model simulations suggest that distributions of
exploited species will continue to shift in the next ﬁve
decades both globally and in the Northeast Atlantic specif-
ically (Cheung et al. 2009, 2010, 2011; Lindegren et al.
2010).
Fig. 12.3 International ﬁshery
landings of seabass (upper) and
squid (lower) in the North Sea
and eastern English Channel (data
for 1999 were excluded as no
French data were submitted to
ICES in that year)
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It is important to test the reliability and robustness of
tools projecting climate-driven shifts in ﬁsheries resources.
Jones et al. (2012) published a localised analysis for the
North Sea and Northeast Atlantic whereby three different
bioclimate envelope models (AquaMaps, Maxent and
DBEM) were applied to the same present distribution data-
sets and the same environmental input parameters. As indi-
cated by the test statistics, each method produced a plausible
present distribution and estimate of habitats suitable for each
species (14 commercial ﬁsh). When used to make projec-
tions into the future, the ensemble of models suggested
northward shifts at an average rate of 27 km per decade (the
current rate is around 20 km per decade for common ﬁsh in
the North Sea, Dulvy et al. 2008). This modelling approach
was extended to include several additional, commercial
species (squid Loligo vulgaris, seabass, sardine, sprat, John
dory, anchovy, plaice, herring, mackerel, halibut Hip-
poglossus hippoglossus, red mullet etc.) as part of a Defra
study (Defra 2013). The species predicted to move the fur-
thest were anchovy, sardine, Greenland halibut, John dory
and seabass (i.e. E. encrasicolus, S. pilchardus, R. hip-
poglossoides, Z. faber and D. labrax respectively, see
Fig. 12.4).
By contrast Rutterford et al. (2015) used the same ﬁsh
survey datasets for the North Sea, together with generalised
additive models (GAMs), to predict trends in the future
distribution of species, but came to the conclusion that ﬁsh
species over the next 50 years will be strongly constrained
by the availability of suitable habitat in the North Sea,
especially in terms of preferred depths. The authors found no
consistent pattern among species in predicted changes in
distribution. On the basis of the GAM results the authors
suggested that they did not expect or predict substantial
further deepening (as previously observed by Dulvy et al.
2008), and that the capacity of ﬁsh to remain in cooler water
by changing their depth distribution had been largely
exhausted by the 1980s, that ﬁsh with preferences for cooler
water are being increasingly exposed to higher temperatures,
with expected physiological, life history and negative pop-
ulation consequences.
Beaugrand et al. (2011) described a model to map the
future spatial distribution of Atlantic cod. The model, which
they named the non-parametric probabilistic ecological niche
model (NPPEN), suggested that cod may eventually disap-
pear as a commercial species from some regions including
the North Sea where a sustained decline has already been
documented; in contrast, the abundance of cod is likely to
increase in the Barents Sea. Lenoir et al. (2011) applied the
same NPPEN model with multiple explanatory variables
(sea surface temperature, salinity, and bathymetry) to predict
the distribution of eight ﬁsh species up to the 2090s for the
Northeast Atlantic. This study anticipated that by the 2090s
horse mackerel and anchovy would show an increased
probability of occurrence in northern waters compared with
the 1960s, that pollack Pollachius pollachius, haddock and
saithe would show a decrease in the south, and that turbot
Scophthalmus maximus and sprat would show no overall
change in probability (−0.2 to +0.2) anywhere.
Fig. 12.4 Projected change in latitudinal centroids of habitat suitabil-
ity surfaces from 1985 to 2050 across species distribution models and
climatic datasets for pelagic species (upper) and demersal species
(lower) (Defra 2013). Thick vertical lines represent median values, the
left and right ends of each box show the upper and lower quartiles of
the data and the whiskers the most extreme data points no greater than
1.5 times the inter-quartile range. Outliers that were more extreme than
whiskers are represented as circles
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French scientists from IFREMER have used a delta
GAM/GLM approach to model future plaice and red mullet
distribution in the eastern English Channel and southern
North Sea (see Vaz and Loots 2009). Abundance of each
species was related to depth, sediment type, bottom salinity
and temperature. Results suggested that climate change may
strongly affect the future distribution of plaice. For large
plaice (>18 cm), distribution will still be centred in the
southern part of the North Sea, however for young indi-
viduals, the predicted distribution is anticipated to shift
north-westwards and to the Dogger Bank area in particular
(as has already been observed, see van Keeken et al. 2007;
Engelhard et al. 2011). Model outputs indicate that the dis-
tribution of red mullet will not change dramatically but that
for young individuals (deﬁned as <17.3 cm), the offshore
habitat situated on the Dogger Bank may become increas-
ingly favourable. Older individuals seemed little affected by
the simulated change in environment, but they may beneﬁt
from higher juvenile survival and expand their area of
occupation as a result.
There are some concerns about the validity of the biocli-
mate envelope approach for predicting the future distribution
of commercially important ﬁsh species (see Jennings and
Brander 2010; Heath et al. 2012). First, it may not be possible
to assess temperature preferences from current distributions
because the observed distributions are modiﬁed by abun-
dance, habitat, predator and prey abundance and competition.
Second, there may be barriers to dispersal (although this is
typically less of an issue in the sea than on land) and species
will move at different rates and encounter different local
ecologies as temperature changes (Davis et al. 1998). A more
detailed, physiologically-based approach has been taken by
some authors, whereby the detailed dynamics of individual
animals are modelled, often by linking complex biophysical
models (forced with the output from Global Climate Models)
to sub-routines which replicate the behaviour/characteristics
of eggs, larvae, juveniles or adults. Teal et al. (2008) reported
a study of plaice and sole distribution in the North Sea, in
which they predicted size- and season-speciﬁc ﬁsh distribu-
tions based on the physiology of the species, temperature and
food conditions in the sea. This study combined
state-of-the-art dynamic energy budget (DEB) models with
output from a biogeochemical ecosystem model (ERSEM)
forced with observed climatic data for 1989 and 2002, with
contrasting temperature and food conditions. The resulting
habitat quality maps were in broad agreement with observed
ontogenetic and seasonal changes in distribution as well as
with long-term observed changes in distribution. The tech-
nique has recently been extended to provide future projec-
tions up to year 2050, assuming moderate climate warming
(L. Teal, pers. comm. IMARES, Netherlands).
12.3.1.2 Year-Class Strength and Implications
for Fisheries
Fishers and scientists have known for over 100 years that the
status of ﬁsh stocks can be greatly influenced by prevailing
climatic conditions (Hjort 1914; Cushing 1982). ‘Recruit-
ment’ variability is a key measure of stock productivity, and
is deﬁned as the number of juvenile ﬁsh surviving from the
annual egg production to be exploited by the ﬁshery.
Recruitment is critically dependent on the match or mis-
match between the occurrence of the larvae and availability
of their zooplankton food (Cushing 1990) as well as other
processes that affect early life-history stages (see Petitgas
et al. 2013). Empirical data on exploited populations often
show strong relationships between recruitment success,
ﬁsheries catches and climatic variables. These strong rela-
tionships have been demonstrated, for example, for cod
(O’Brien et al. 2000; Brander and Mohn 2004; Cook and
Heath 2005), plaice (Brunel and Boucher 2007), herring
(Nash and Dickey-Collas 2005), mackerel (Jansen and
Gislason 2011) and seabass (Pawson 1992). Correlations
have been found between ﬁsh recruitment and various cli-
mate variables, including sea surface temperature, the NAO
and even offshore winds (Table 12.2).
A number of publications describing the impact of cli-
mate variability (e.g. the NAO and AMO) on small pelagic
ﬁshes such as herring, anchovy or sardine in the North Sea
have been published in recent years, for example those of
Alheit et al. (2012) and Gröger et al. (2010). According to
the most recent assessment of the UN Intergovernmental
Panel on Climate Change (IPCC), the NAO is one of the
climate indices for which it is most difﬁcult to provide
accurate future projections (IPCC 2013). Recent
multi-model studies (e.g. Karpechko 2010) suggest overall
that the NAO is likely to become slightly more positive (on
average) in the future due to increased greenhouse gas
emissions. Consequently, a slight tendency towards
enhanced recruitment and larval abundance of these species
in the future could be expected if the relationships observed
in the past continue to hold.
In the case of cod, there is a well-established relationship
between recruitment and sea temperature (O’Brien et al.
2000; Beaugrand et al. 2003), but this relationship varies
with regard to the different cod stocks that inhabit the North
Atlantic (Planque and Frédou 1999). For stocks at the
northern extremes (e.g. in the Barents Sea) or the western
Atlantic (e.g. Labrador), warming leads to enhanced
recruitment, while in the North Sea, close to the southern
limits of the range, warmer conditions lead to weaker than
average year classes (Drinkwater 2005). During the late
1960s and early 1970s, cold conditions were correlated with
a sequence of positive recruitment years in North Sea cod
12 Socio-economic Impacts—Fisheries 383
and subsequently high ﬁsheries catches for a number of
years thereafter (Heath and Brander 2001). In recent years
however, despite several cold winters, cod have suffered
very poor recruitment in the North Sea, although it is unclear
whether this is a direct consequence of changed climatic
conditions, reduced availability of planktonic prey items for
larval ﬁsh or over-ﬁshing of the parental stock (i.e. some sort
of ‘Allee effect’) (Mieszkowska et al. 2009), or more
intensive predation of cod larvae by pelagic ﬁsh stocks
which have increased, such as herring and sprat (Engelhard
et al. 2014a).
A clear seasonal shift to earlier appearance ofﬁsh larvae has
been described for several species at Helgoland Roads in the
southern North Sea (Greve et al. 2005), and this has been
linked tomarked changes in zooplankton composition and sea
surface temperature in this region (Beaugrand et al. 2002). In
particular, there has been a decline in the abundance of the
copepod Calanus ﬁnmarchicus but an increase in the closely
related but smaller species C. helgolandicus. Calanus ﬁn-
marchicus is a key prey item for cod larvae in the northern
North Sea, and the loss of this species has been correlated with
recent failures in cod recruitment and an apparent increase in
flatﬁsh recruitment (Reid et al. 2001, 2003; Beaugrand et al.
2003). Calanus helgolandicus occur at the wrong time of the
year to be of use to emerging cod larvae. Greve et al. (2005)
suggested that in ten cases both the ‘start of season’ and ‘end of
season’ (Julian date on which 15 and 85 % of all larvae were
recorded respectively), were correlated with sea surface tem-
perature. Strongly signiﬁcant relationships were observed for
plaice, sole and horse mackerel as well as for many
non-commercial species including scaldﬁsh, and Norway
bullhead Taurulus lilljeborgi.
Fincham et al. (2013) examined the date of peak spawning
for seven sole stocks based on market sampling data in
England and the Netherlands. Four out of seven stocks were
shown to have exhibited a signiﬁcant long-term trend
towards earlier spawning (including the east-central North
Sea, southern North Sea, and eastern English Channel) at a
rate of 1.5 weeks per decade since 1970. Sea surface tem-
perature during winter affected the date of peak spawning,
although the effect differed between stocks. Recruitment is
critically dependent on the match or mismatch between the
occurrence of the larvae and the availability of their food
(Cushing 1990) and other climate-sensitive processes (Peck
and Hufnagl 2012; Llopiz et al. 2014), thus a change in
spawning date could have knock-on effects for larval survival
and hence future ﬁsheries.
It is important to note that extensive ﬁshing can cause ﬁsh
populations to become more vulnerable to short-term natural
climate variability (e.g. Ottersen et al. 2006) by making such
populations less able to ‘buffer’ against the effects of the
occasional poor year classes. Conversely, long-term climate
change may make stocks more vulnerable to ﬁshing, by
reducing the overall ‘carrying capacity’ of the stock, such
Table 12.2 Demonstrated correlations between recruitment success (year-class strength) and climatic variables for important ﬁsh and shellﬁsh
stocks in northwest Europe
Species Source Sea area Correlation Climate parameter
Plaice van der Veer and Witte (1999) and Brunel and
Boucher (2007)
Southern North Sea, English
Channel
Negative SST (Feb)
Herring Nash and Dickey-Collas (2005) North Sea Negative SST (winter)
Herring Gröger et al. (2010) North Sea Positive Winter NAO, AMO
Scallop Shephard et al. (2010) Isle of Man Positive SST (spring)
Cod Brander and Mohn (2004) North Sea, Irish Sea Positive Winter NAO
Cod Planque and Frédou (1999) and O’Brien et al.
(2000)
North Sea, West of Scotland,
Irish Sea
Negative SST (Feb–Jun)
Sandeel Arnott and Ruxton (2002) North Sea Negative,
Positive
Winter NAO, SST
(spring)
Mackerel Jansen and Gislason (2011) North Sea Unclear SST (summer)
Brown
shrimp
Siegel et al. (2005) and Henderson et al. (2006) Bristol Channel, Wadden Sea Positive,
Negative
SST (Jan–Aug),
Winter NAO
Sole Henderson and Seaby (2005) Bristol Channel Positive SST (spring)
Seabass Pawson (1992) English Channel Positive SST (summer)
Squid Robin and Denis (1999) English Channel Positive SST (winter)
Turbot Riley et al. (1981) Coastal UK Positive Offshore wind
Whiting Cook and Heath (2005) North Sea Positive SST
Saithe Cook and Heath (2005) North Sea Positive SST
SST Sea surface temperature; NAO North Atlantic Oscillation; AMO Atlantic Multi-decadal Oscillation
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that it might not be sustained at, or expected to recover to,
levels observed in the past (Jennings and Blanchard 2004).
Cook and Heath (2005) examined the relationship between
sea surface temperature and recruitment in a number of
North Sea ﬁsh species (cod, haddock, whiting, saithe, plaice,
sole) and concluded that if the recent warming period were
to continue, as suggested by climate models, stocks which
express a negative relationship with temperature (including
cod) might be expected to support much smaller ﬁsheries in
the future. In the case of cod, climate change has been
estimated to have been eroding the maximum sustainable
yield at a rate of 32,000 tonnes per decade since 1980.
Calculations show that the North Sea cod stock, could still
support a sustainable ﬁshery under a warmer climate but
only at very much lower levels of ﬁshing mortality, and that
current ‘precautionary reference’ limits or targets (such as
FMSY), calculated by International Council for the Explo-
ration of the Sea (ICES) on the basis of historic time series,
may be unrealistically optimistic in the future.
For Atlantic mackerel, increases in sea surface tempera-
ture are known to affect growth, recruitment and migration
with subsequent impacts on permissible levels of exploita-
tion (Jansen and Gislason 2011). Jansen et al. (2012) used
information on larval ﬁsh from the Continuous Plankton
Recorder (CPR) to show that abundance has declined dra-
matically in the North Sea since the 1970s and also that the
spatial distribution of mackerel larvae seems to have chan-
ged. Whether these trends can be ascribed to changes in
climatic conditions remains unclear, although development
and/or mortality of mackerel eggs is known to be very
sensitive to seawater temperature (Mendiola et al. 2007).
There have been many attempts to include climatic
variables in single-species population models (e.g. Hollowed
et al. 2009), and thereby to project how the productivity of
ﬁsh stocks will be affected by climate change in the future.
Particular emphasis has been placed on climatic determi-
nants of ﬁsh recruitment, and indeed several studies have
inserted temperature or other environmental terms within the
‘stock-recruit’ relationship in order to make medium or
long-term forecasts. Clarke et al. (2003) used projections of
future North Sea temperatures and estimated the likely
impact of climate change on the reproductive capacity of
cod, assuming that the high level of mortality inflicted by the
ﬁshing industry (in 2003) continued into the future. Outputs
from the model suggested that the cod population would
decline, even without a signiﬁcant temperature increase.
However, scenarios with higher rates of temperature increase
resulted in faster rates of decline. In a re-analysis by Kell
et al. (2005), the authors modelled the effect of introducing a
‘cod recovery plan’ (as being implemented by the European
Commission), under which catches were set each year so
that stock biomass increased by 30 % annually until the cod
stock had recovered to around 150,000 tonnes. The length of
time needed for the cod stock to recover was not greatly
affected by the particular climate scenario chosen (and was
generally around ﬁve to six years), although overall pro-
ductivity was affected and spawning stock biomass
(SSB) once ‘recovered’ was projected to be considerably
less than would have been the case assuming no temperature
increase (251,035 tonnes compared to 286,689 tonnes in
2015).
12.3.1.3 Ocean Acidification and Low Oxygen
Carbon dioxide (CO2) concentrations in the atmosphere are
rising as a result of human activities and are projected to
increase further by the end of the century, as carbon-rich
fossil fuels such as coal and oil continue to be burned
(Caldeira and Wickett 2003). Uptake of CO2 from the air is
the primary driver of ocean acidiﬁcation. Modelling and
observational studies suggest that the absorption of CO2 by
seawater has already decreased pH levels in the global ocean
by 0.1 pH units since 1750 (Orr et al. 2005), which equates
to an average increase in surface ocean water acidity
worldwide of about 30 % since pre-industrial times, and that
the present rate of change is faster than at any time during
the previous 55 million years (Pearson and Palmer 2000).
Modelled estimates of future seawater pH in the North
Sea are generally consistent with global projections. How-
ever, variability and uncertainties are considerable due to
riverine inputs, biologically-driven processes and geochem-
ical interactions between the water column and sea-bottom
sediments (Blackford and Gilbert 2007; Artioli et al. 2012).
Under a high CO2 emission scenario, model outputs indicate
that much of the North Sea seafloor is likely to become
undersaturated with regard to aragonite (a form of calcium
carbonate used by some marine organisms to build their
shells or skeletons) during late winter/early spring by 2100
(Artioli et al. 2012). Ocean acidiﬁcation may have direct and
indirect impacts on the recruitment, growth and survival of
exploited species (Fabry et al. 2008; Llopiz et al. 2014) and
some species may become more vulnerable to ocean acidi-
ﬁcation with increases in temperature (Hale et al. 2011).
Impacts may be particularly apparent for animals with cal-
cium carbonate shells and skeletons such as molluscs, some
crustaceans, and echinoderms (Hendriks et al. 2010; Kroeker
et al. 2010), but studies show large variations in responses to
ocean acidiﬁcation between and within taxonomic groups.
Several major programmes of research are underway in
Europe to determine the possible consequences of future
ocean acidiﬁcation. In laboratory studies, signiﬁcant effects
have been noted for several important commercial shellﬁsh
species, notably mussels, oysters, lobster and Nephrops
(Gazeau et al. 2010; Agnalt et al. 2013; Styf et al. 2013).
A preliminary assessment in 2012 estimated the potential
economic losses to the UK shellﬁsh industry under ocean
acidiﬁcation (Pinnegar et al. 2012). Four of the ten most
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valuable marine ﬁshery species in the UK are calcifying
shellﬁsh and the analyses suggested losses in the mollusc
ﬁshery (scallops, mussels, cockles, whelks etc.) could
amount to GBP 55–379 million per year by 2080 depending
on the CO2 emission scenario. Thus, there is a clear eco-
nomic reason to improve understanding of physiological and
behavioural responses to ocean acidiﬁcation, and a
Europe-wide assessment of economic consequences is cur-
rently underway within the German BIOACID programme.
Fin-ﬁsh species are thought to be most vulnerable to
ocean acidiﬁcation during their earliest life stages, although
experiments on North Sea species (such as cod and herring)
have so far shown that they are relatively robust (e.g. Franke
and Clemmesen 2011). Indirect food-web effects may be
more important for ﬁn-ﬁsh, than direct physiological impacts
(Le Quesne and Pinnegar 2012). To date, few studies have
attempted to investigate the potential bottom-up impacts of
ocean acidiﬁcation on marine food webs, and hence on
ﬁsheries (although see Kaplan et al. 2010; Ainsworth et al.
2011; Grifﬁth et al. 2011). In their economic analysis,
Cooley and Doney (2009) did account for “ﬁsh that prey
directly on calciﬁers”. These authors suggested that indirect
economic consequences of ocean acidiﬁcation could be
substantial. Clearly, more work is needed before deﬁnitive
conclusions can be drawn about the socio-economic impli-
cations of ocean acidiﬁcation for the ﬁshing industry and
society as a whole.
Reduced oxygen concentrations in marine waters have
been cited as a major cause for concern globally (Diaz and
Rosenberg 2008), and there is evidence (Queste et al. 2012)
that areas of low oxygen saturation have started to proliferate
in the North Sea. Whether these changes are a result of
long-term climate change remains unclear and it is also
unclear whether such changes will impact on commercial
ﬁsh species and their ﬁsheries. Unlike parts of the Baltic Sea,
which regularly experience complete anoxia (lack of oxy-
gen), regions of the North Sea only experience reduced
oxygen conditions (65–70 % saturation, 180–200 μMol
dm−3). Therefore it is uncertain whether North Sea ﬁsh
stocks will suffer major mortality of eggs and larvae due to
changes in oxygen levels (as is the case in the Baltic Sea),
and it is perhaps more likely that they will experience more
subtle, non-lethal, effects in the future. Several authors have
highlighted how oxygen concentrations, low pH and ele-
vated temperature interact and determine ‘scope for growth’
(e.g. Pörtner and Knust 2007). These ﬁndings have been
used as the basis for models predicting size and distribution
in North East Atlantic ﬁshes (Cheung et al. 2013). Labora-
tory studies concerning low oxygen conditions have been
used to predict ﬁsh distribution and habitat suitability (Cucco
et al. 2012). Some types of organism are more affected than
others. Larger ﬁsh and spawning individuals can be more
affected by low oxygen levels owing to their higher
metabolic rates (Pörtner and Farrell 2008). There are certain
thresholds below which oxygen levels affect the aerobic
performance of marine organisms (Pörtner 2010), although
this is very dependent on the species or type of organism,
respiration mode, and metabolic and physiological require-
ments, with highly active species being less tolerant of low
oxygen conditions (Stramma et al. 2011). Nephrops
norvegicus juveniles show sub-lethal effects at oxygen
concentrations below 156 μMol dm−3, but adults are more
robust, although their ability to tolerate other environmental
stresses (for example elevated temperature) is severely
compromised (Baden et al. 1990). There are few projections
of future oxygen concentrations in the North Sea, although
modelling was undertaken for three locations by van der
Molen et al. (2013). These authors were able to provide
some insight into future conditions, assuming a SRES A1B
scenario to 2100. In particular, the model suggested marked
declines in oxygen concentration at all sites as a result of
simulated changes in the balance between phytoplankton
production and consumption, changes in vertical mixing
(stratiﬁcation) and change in oxygen solubility with tem-
perature. A parallel study by Meire et al. (2013) for the
‘Oyster Grounds’ site (also using the SRES A1B scenario)
suggested that bottom water oxygen concentrations in late
summer could decrease by 24 μM or 11.5 % by 2100.
12.3.2 Pathogens, Pests and Predators
A key issue for North Sea ﬁsh and shellﬁsh is the link
between climate change and the prevalence of pathogens or
harmful algal bloom (HAB) species. A global review sug-
gested that marine pathogens are increasing in occurrence,
and that this increase is linked to rising seawater temperature
(Harvell et al. 1999) with possible consequences for com-
mercial ﬁsheries and aquaculture.
The presence of certain pathogens or algal toxins in
seawater samples or in tissues harvested from shellﬁsh can
result in temporary closure of a ﬁshery. Many pathogens that
occur in European shellﬁsh are very sensitive to seawater
temperature and salinity, for example the bacteria Vibrio
parahaemolyticus and V. vulniﬁcus that pose a signiﬁcant
threat to human health (Baker-Austin et al. 2013). Vibrio
species proliferate rapidly at temperatures above 18 °C and
incidents of shellﬁsh-associated gastrointestinal illness in
Europe have been noted during heat waves (Baker-Austin
et al. 2013). In the United States, Vibrio-related incidents
cost the economy more than any other seafood-acquired
pathogen and these incurred costs have increased dramati-
cally in recent years (Ralston et al. 2011). In contrast,
Norovirus, another major cause of shellﬁsh-acquired gas-
troenteritis, occurs most frequently in winter and following
periods of high precipitation and hence is associated with
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flash-flooding and runoff from sewers (Campos and Lees
2014). Future projections of precipitation (rain and snowfall)
and river run-off for catchments surrounding the North Sea
suggest that intense rainfall and hence extreme river flows
will occur more often in the future, particularly during
winter, and so considerable changes could be anticipated in
the epidemiology and proliferation of marine pathogens—
and therefore exposure risk for European citizens consuming
seafood (Pinnegar et al. 2012).
Reports of increased abundance of jellyﬁsh in the media
and in scientiﬁc literature over recent decades have raised
concerns over the potential role of climate change in
influencing outbreaks (Atrill et al. 2007; Purcell 2012) and in
possible implications for commercial ﬁsheries and aquacul-
ture. Data obtained from the CPR survey show an increasing
occurrence of jellyﬁsh in the central North Sea since 1958
that this may be positively related to the NAO and Atlantic
inflow (Lynam et al. 2004; Atrill et al. 2007). High jellyﬁsh
numbers are potentially detrimental to ﬁsheries both as
competitors with, and predators of, larval ﬁsh (Purcell and
Arai 2001). In particular, negative impacts of jellyﬁsh on
herring larvae have been noted (Lynam et al. 2005) and this
is now a major focus of scientiﬁc attention.
Climate change can also influence the presence of
potential predators. For example Kempf et al. (2014)
demonstrated that grey gurnard Eutriglia gurnardus, has
expanded its high density areas in the central North Sea
northward over the last two decades to overlap with that of
0-group cod. Grey gurnard are thought to be important
predators of juvenile cod, hence recruitment success of cod
was found to be negatively correlated with the degree of
spatial overlap between the two species. Similar fears have
been voiced by ﬁshers regarding the recent expansion of
hake in the northern North Sea (see Sect. 12.3.1.1), since
hake is also known to be a voracious predator of smaller ﬁsh.
12.3.3 Fishery Operations
Through its effects on seawater temperature as well as its
influence on storm conditions climate change can affect the
performance of ﬁshing vessels or gears, as well as vessel
safety and stability at sea.
Dulvy et al. (2008) explored the year-by-year distribu-
tional response of the North Sea demersal ﬁsh assemblage to
climate change and found that the whole North Sea ﬁsh
assemblage has deepened by *3.6 m per decade since
1981. This has important implications since it is known that
trawl gear geometry and hence ‘catchability’ can be greatly
influenced by water depth (see Godø and Engås 1989).
In tropical tuna (the main target of Europe’s distant-water
fleet), strong El Niño events along the west coast of the
Americas typically result in a deeper thermocline, and
declines in yellowﬁn tuna Thunnus albacares catches (see
Miller 2007) because ﬁsh are able to spread out in the water
column beyond the reach of commercial ﬁsheries. Poor catch
rates during the intense 1982–1983 El Niño played a role in
the migration of the entire US tuna fleet from the Eastern
Paciﬁc to the Western and Central Paciﬁc. Similar processes
and mechanisms, but on a smaller spatial scale, appear to
influence catch rates in North Sea pelagic ﬁsheries, such as
those targeting herring. Maravelias (1997) demonstrated that
temperature and depth of the thermocline, appear to be key
factors that modulate both the presence and relative abun-
dance of herring within the northern North Sea. Herring
appeared to avoid the cold bottom waters of the North Sea
during the summer, probably due to the relatively poor food
resources there. This greatly affected ‘catchability’.
At present, conﬁdence in the wind and storm projections
from global climate models (GCMs) and downscaled
regional climate models (RCMs) is relatively low, with some
models suggesting that northwest Europe might experience
fewer storms and others suggesting an increase (Woolf and
Wolf 2013). In general, models suggest that climate change
could result in a north-eastward shift of storm frequency in
the North Atlantic, although the change in storm intensity or
frequency that this implies is not clear (Meehl et al. 2000;
Ulbrich et al. 2008). The winter of 2013/14 was the stormiest
in the last 66 years with regard to the southern North Sea
and the wider British Isles (Matthews et al. 2014) and this is
known to have coincided with major disruption to the ﬁshing
industry throughout the region. Months of high winds and
high seas left many ﬁshers unable to work, and caused
millions of Euros worth of damage—as well as a lack of ﬁsh
and higher prices on ﬁsh markets.
12.3.3.1 Climatic Influences on ‘Catchability’
There is little evidence of signiﬁcant changes in catchability
of demersal trawl gears in the North Sea as a result of cli-
mate change or poor weather conditions, although Walden
and Schubert (1965) examined wind and catch data, and
found that wind direction and force were correlated with
catch at a few locations. Similarly Harden Jones and Scholes
(1980) investigated the relations between wind and the catch
of a Lowestoft trawler. Their analysis showed that over the
course of a year, catches of plaice were lowest with northerly
winds but that the reverse was true for cod. Long-term
projections for winds over the North Sea are highly uncer-
tain, but several authors (notably Wang et al. 2011) have
suggested a climate-change-related upward trend in stormi-
ness in recent years. Analyses (de Winter et al. 2013) under a
range of different climate change scenarios, do not anticipate
changes in annual maximum wind speed over the next 50–
100 years, however they do suggest that annual extreme
wind events will occur more often from western directions.
This is particularly relevant for ﬁshing boats in the German
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Bight, as such a shift would imply larger extreme waves and
surge levels in this region.
Poulard and Trenkel (2007) reported that the impact of
wind strength on catchability depends on the habitat pre-
ferred by a given species. For a bottom trawl survey in the
Bay of Biscay, catches of benthic and demersal species were
signiﬁcantly affected by wind condition whereas no effect
was detected for pelagic species. Similarly, Wieland et al.
(2011) examined bias in estimates of abundance and distri-
bution of North Sea cod during periods of strong winds.
Wind speed had signiﬁcant effects on catch rates, and
speciﬁcally catches were reduced during the strongest winds.
Strong winds prevailing over a prolonged period lead to poor
visibility in shallow coastal waters, caused mainly by
resuspension of bottom sediments. North Sea trawlers and
especially ‘flyshooters’ would usually not ﬁsh in that area
under such conditions due to the expectation of poor catches
whereas gillnets may perform well in this case.
Fish are known to behave differently in turbid versus
clearer waters. For example, Meager and Batty (2007)
examined activity of juvenile cod and found both longer
prey-search times and higher activity in turbid conditions,
and suggested that such behaviour might increase energetic
costs and also make the cod more vulnerable to ﬁshing gears
and potential predators. Capuzzo et al. (2015) demonstrated
that the southern North Sea has become signiﬁcantly more
turbid over the latter half of the 20th century, and that this
may be related to changes in seabed communities, weather
patterns, and increased coastal erosion. Gill net catches are
typically higher in turbid waters after storms. Ehrich and
Stransky (1999) found that catch rates of some groundﬁsh
species in the North Sea exhibited signiﬁcant variability
following strong and severe gales (periods of strong winds
from 50 to 102 km h−1). Catches of dab, solenette, plaice
and sole all changed markedly between the ﬁrst and second
day after the storm.
12.3.3.2 Vessel Stability and Performance
An increase in the frequency or severity of storms could
have negative consequences for the ability of ﬁshing boats to
access resources in the future or could have consequences
for vessel stability and performance. Abernethy et al. (2010)
reported that 85 % of ﬁshers interviewed as part of a survey
in southern England, elected to stay in port during bad
weather due to the risk of gear loss and increased fuel
consumption. Fishing remains a dangerous occupation.
A research project, published in 2007 showed that the fatal
accident rate for UK ﬁshers for the decade 1996–2005 was
115 times higher than that of the general workforce (MAIB
2008). In the United States, severe weather conditions con-
tributed to 61 % of the 148 fatal ﬁshing vessel disasters
reported between 2000 and 2009 (Lincoln and Lucas 2010).
In Denmark, more than half of fatalities reported were
caused by foundering/capsizing due to stability changes in
rough weather (Laursen et al. 2008). In the UK, the majority
of vessel losses recorded (52 %) were due to
flooding/foundering, and most involved small vessels of less
than 12 m in length (MAIB 2008). Most flooding/
foundering losses occurred in moderate weather. However,
this needs to be considered against the likelihood that there
would be fewer ﬁshing vessels at sea during extreme weather
conditions (MAIB 2008).
Dramatic increases in wave height occurred in the North
Sea between 1960 and 1990, but these are now viewed as
one feature within a longer history of variability (Woolf and
Wolf 2013). Future patterns of storminess are poorly
understood, with little consensus between models and highly
uncertain model outputs. Changes in storminess and asso-
ciated consequences for ﬁshing operations is an
under-researched topic, with no recent assessments of vessel
operating envelopes or the willingness of vessel
owners/skippers to put to sea. Laevastu and Hayes (1981)
suggested that modern high-sea ﬁshing vessels usually have
to stop ﬁshing at wind speeds of 50–78 km h−1 (Force 7 to 8
on the Beaufort scale), whereas coastal ﬁshing vessels in the
North Sea ﬁnd difﬁculty in operating at wind speeds of 39–
49 km h−1 (Force 6 on the Beaufort scale). A number of
modelling approaches have been applied in the North Sea to
try to predict the behaviour of ﬁshers and the distribution of
ﬁshing vessels (e.g. Hutton et al. 2004) but none have yet
included storms or weather disruption in their analyses.
12.3.3.3 Assessing Economic Implications
There has been little research directed towards understand-
ing the future implications of climate change for ﬁshing
fleets, ﬁshers, coastal economies and society directly. This is
certainly the case with regard to countries surrounding the
North Sea. However, a number of studies have set out to
investigate the vulnerability and adaptive capacity of the
ﬁsheries sector at a global scale (McClanahan et al. 2008;
Allison et al. 2009). Vulnerability to climate change depends
upon three key elements: exposure to physical effects of
climate change; sensitivity of the natural resource system or
dependence of the national economy upon economic returns
from the ﬁshing sector; and the extent to which adaptive
capacity enables these potential impacts to be offset. Allison
et al. (2009) ranked North Sea countries very low in terms of
overall vulnerability, largely due to low rates of ﬁsh con-
sumption in the surrounding countries, highly diversiﬁed
economies and only moderate exposure to future climate
change. Similarly, Barange et al. (2014) categorised all
North Sea countries as either low (Norway) or very low in
terms of nutritional and economic dependence on ﬁsheries.
However ﬁsheries represent an important component of
employment in certain North Sea regions (EU 2011), notably
in Shetland where 22 % of all jobs are estimated to be in
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ﬁsheries/ﬁsheries-related industries, and Urk in the Nether-
lands where 35 % of jobs rely on ﬁsheries.
Cheung et al. (2010) estimated future changes in maxi-
mum potential catch (a proxy for maximum sustainable
yield) given projected shifts in the distribution of exploited
species and changes in marine primary productivity. This
study suggested that climate change may lead to large-scale
redistribution of global maximum catch potential, with an
average of 30–70 % increase in yield of high-latitude
regions (north of 50°N in the northern hemisphere), but a
drop of up to 40 % in the tropics. North Sea countries are
anticipated to gain very slightly in maximum potential catch
but not as much as Nordic countries such as Norway and
Iceland. This region will witness increases in catches of
some commercial species but decreases in others, and thus
the gains and losses are expected to broadly balance out.
Working at a national level, Jones et al. (2015) used a
similar bioclimate envelope model (see Fig. 12.4) to inves-
tigate economic implications for ﬁsheries catch potential in
the UK exclusive economic zone (EEZ) speciﬁcally. Maxi-
mum catch potential was calculated for each species in both
the reference and projection periods using an algorithm that
takes into account net primary production and range area.
Results suggested that the total maximum catch potential
will decrease within the UK EEZ by 2050, although this was
heavily influenced by an assumed decline in plankton pro-
ductivity. Extending these projections into a cost beneﬁt
analysis resulted in a median decrease in net present value of
10 % by 2050. Net present value over the study period
further decreased when trends in fuel price were extrapolated
into the future, becoming negative when capacity-enhancing
subsidies were removed. This study highlights key factors
influencing future proﬁtability of ﬁsheries and the impor-
tance of enhancing adaptive capacity in ﬁsheries and resi-
lience to climate change.
Uncertainty is inherent in ﬁsheries management, so there
is an expectation of change and a wealth of knowledge and
experience of coping with and adapting to this uncertainty.
Badjeck et al. (2010) argued that diversiﬁcation is a primary
means by which individuals can reduce risk and cope with
future uncertainty. A recent study commissioned by the UK
Department for Environment, Food and Rural Affairs
included a detailed assessment of whether the ﬁsh catching
sector might be expected to adapt to the opportunities and
threats associated with future climate change over the next
30 years (Defra 2013). This assessment built heavily on the
species projections of Jones et al. (2012, 2013—see
Sect. 12.3.1.1) and looked for examples of current adapta-
tion by the sector, focusing on species increasing in the
UK EEZ (such as anchovy, squid, seabass) and also on past
increases in scallops, boarﬁsh Capros aper, and hake. The
key adaptation actions identiﬁed included:
• Travelling further to ﬁsh for current species, if stocks
move away from existing ports.
• Diversifying the livelihoods of port communities, this
may include recreational ﬁshing where popular angling
species become locally more abundant (e.g. seabass).
• Increasing vessel capacity if stocks of currently ﬁshed
species increase.
• Changing gear to ﬁsh for different species, if new or
more proﬁtable opportunities to ﬁsh different species are
available.
• Developing routes to export markets to match the chan-
ges in catch supplied. These routes may be to locations
(such as southern Europe) which currently eat the ﬁsh
stocks which may move into northern waters.
• Stimulating domestic demand for a broader range of
species, through joined-up retailer and media campaigns.
Many of the same adaptation options were also high-
lighted by McIlgorm et al. (2010) who reviewed how ﬁshery
governance may need to change in the light of future climate
change, also the ACACIA report (ACACIA 2000) prepared
as part of the European impact assessment for the IPCC
Third Assessment which included a short chapter on ﬁsh-
eries. Vanderperren et al. (2009) provided a brief overview
for Belgian marine ﬁsheries. These authors noted the strong
specialisation of the Belgian fleet with regard to a single
ﬁshing method (93 % beam trawlers) and target species
(mainly flatﬁsh) and that this makes the sector particularly
vulnerable to changing circumstances. Possible adaptation
measures as well as technological and economic conse-
quences for the fleet were detailed (see Van den Eynde et al.
2011), and the elaboration of scenarios for secondary
impacts at different points in time (2040, 2100) is ongoing.
Sumaila and Cheung (2009) attempted to estimate the
necessary annual costs of adaptation to climate change in the
ﬁsheries sector worldwide. Adaptation to climate change is
likely to involve an extension of existing policies to con-
serve ﬁsh stocks and to help communities. In Europe the
estimated annual cost of adaptation was USD 0.03–0.15
billion, a small fraction of the costs (USD 1.05–1.70 billion)
anticipated for East Asia and the Paciﬁc.
12.4 International Fish Markets
and Commodity Chains
Fisheries in the North Sea should not be viewed in isolation
given that seafoods are traded globally and many North Sea
countries are both exporters and importers of ﬁsh and
shellﬁsh commodities. It could be expected that prices of a
particular commodity would reflect local patterns of avail-
ability (supply) and hence that the price of ﬁsh might even
12 Socio-economic Impacts—Fisheries 389
reflect regional climatic conditions (see Pinnegar et al.
2006). However this is rarely the case, given that supplies
can often be secured from elsewhere and thus prices may
remain low, even if locally resources become scarce. Cod
stock status in the North Sea currently remains very low,
possibly as a result of long-term climatic influences on
recruitment, but catches are at an all-time high further north
in the Barents Sea (ICES 2014b) and thus cod prices in
Europe are supressed. A clear adaptation response in the face
of ensuing climate change is to obtain ﬁsh from sources
further north (either by trade or by shifting the location of
ﬁshing fleets where this is possible). As other countries
around the word also need to secure sufﬁcient food for
growing populations, and have considerably higher
buying-power (notably China, which in 2030 will account
for 38 % of total ﬁsh consumption), European countries may
ﬁnd the ability to secure sufﬁcient ﬁsh products from Nordic
(non-EU) countries, such as Norway, Iceland and Greenland,
much more difﬁcult in the future (World Bank 2013).
Another international ﬁsheries topic that has received
considerable attention in recent years has been the link
between global climate and ﬁshmeal supplies and markets
(e.g. Merino et al. 2010a, b). Aquaculture and animal feed
production depend on ﬁshmeal and ﬁsh oil as their primary
source of protein, lipids, minerals and essential Omega 3/6
fatty acids. Every year 30 million tonnes of anchovita
Engraulis ringens, E. mordax etc., sardines Sardinops sagax,
Sardina pilchardus and other small pelagic ﬁsh are reduced
into 6 million tonnes of ﬁshmeal. More than half of this is
derived from Peruvian/Chilean anchoveta although Denmark
and Norway supply an additional 12 % based on North Sea
sandeel, sprat, Norway pout and blue whiting as well as Arctic
capelin Mallotus villosus. A lack of supply in Peruvian
anchoveta (for example during El Niño climatic regimes)
raises the price ofﬁshmeal from elsewhere (e.g. the North Sea)
and can influence the behaviour of European ﬁshers, with
indirect (e.g. predator-prey) consequence for other ﬁsh stocks.
12.5 Conclusions
North Sea ﬁsheries may be impacted by climate change in
various ways and consequences of rapid temperature rise are
already being felt in terms of shifts in species distribution
and variability in stock recruitment. While an expanding
body of research now exists on this topic, there are still many
knowledge gaps, especially with regard to understanding
how ﬁshing fleets themselves might be impacted by under-
lying biological changes and what this might mean for
regional economies. Historically, ﬁsheries managers and
ﬁshers have had to adapt to the vagaries of weather and
climate, however the challenge presented by future climate
change should not be underestimated and it is clear that ﬁsh
communities and the ﬁsheries that target them will almost
certainly be very different in 50 or 100 years and that
management and governance will need to adapt accordingly.
Acknowledgements This contribution is based heavily on a support-
ing document (Pinnegar et al. 2013) prepared by the same authors for
the UK Marine Climate Change Impacts Partnership (MCCIP). Much
of the inspiration for this work came from the EU FP6 project
‘RECLAIM’ (Resolving the Impacts of Climate Change on Fish and
Shellﬁsh Populations) as well as the recent EU FP7 project ‘VEC-
TORS’ (Vectors of Change in Oceans and Seas Marine Life, Impact on
Economic Sectors). Additional funding was provided by the UK
Department for Environment, Food and Rural Affairs (Defra) contract
MF1228 (Response of ecosystems and ﬁsheries to management in a
changing environment).
Open Access This chapter is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecommons.
org/licenses/by/4.0/), which permits use, duplication, adaptation, distri-
bution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license and indicate if changes were made.
The images or other third party material in this chapter are included in
the work’s Creative Commons license, unless indicated otherwise in the
credit line; if such material is not included in the work’s Creative Com-
mons license and the respective action is not permitted by statutory reg-
ulation, users will need to obtain permission from the license holder to
duplicate, adapt or reproduce the material.
References
Abernethy KE, Treilcock P, Kebede B, Allison EH, Dulvy NK (2010)
Fuelling the decline in UK ﬁshing communities? ICES J Mar Sci
67:1076–1085
ACACIA (2000) Assessment of potential effects and adaptations for
climate change in Europe: The Europe ACACIA Project. Jackson
Environment Institute, University of East Anglia
Agnalt AL, Grefsrud ES, Farestveit E, Larsen M, Keulder F (2013)
Deformities in larvae and juvenile European lobster (Homarus
gammarus) exposed to lower pH at two different temperatures.
Biogeosciences 10:7883–7895
Ainsworth CH, Samhouri JF, Busch DS, Cheung WWL, Dunne J,
Okey TA (2011) Potential impacts of climate change on Northeast
Paciﬁcmarine foodwebs and ﬁsheries. ICES JMar Sci 68:1217–1229
Alheit J, Hagen E (1997) Long-term climate forcing of European
herring and sardine populations. Fish Oceanogr 6:130–139
Alheit J, Pohlmann T, Casini M, Greve W, Hinrichs H., Mathis M.,
O’Driscoll K, Vorberg R, Wagner C (2012) Climate variability
drives anchovies and sardines into the North and Baltic Seas. Prog
Oceanogr 96:128–139
Allison EH, Perry AL, Badjeck MC, Adger WN, Brown K, Conway D,
Halls AS, Pilling GM, Reynolds JD, Andrew NL, Dulvy NK (2009)
Vulnerability of national economies to the impacts of climate
change on ﬁsheries. Fish Fisher 10:173–196
Arnott SA, Ruxton GD (2002) Sandeel recruitment in the North Sea:
Demographic, climatic and trophic effects. Mar Ecol-Prog Ser
238:199–210
Artioli Y, Blackford JC, Butenschön M, Holt JT, Wakelin SL,
Thomas TH, Borges AV, Allen JI (2012) The carbonate system
in the North Sea: Sensitivity and model validation. J Mar Syst 102–
104:1–13
390 J.K. Pinnegar et al.
Atrill MJ, Wright J, Edwards M (2007) Climate-related increases in
jellyﬁsh frequency suggest a more gelatinous future for the North
Sea. Limnol Oceanogr 52:480–485
Aurich HJ (1953) Verbreitung und Laichverhältnisse von Sardelle und
Sardine in der südöstlichen Nordsee und ihre Veränderung als Folge
der Klimäanderung. Helgoländer Meeresun 4:175–204
Baden SP, Pihl L, Rosenberg R (1990) Effects of oxygen depletion on
the ecology, blood physiology and ﬁshery of the Norway lobster
Nephrops norvegicus. Mar Ecol-Prog Ser 67:141–155
Badjeck MC, Allison EH, Halls AS, Dulvy NK (2010). Impacts of
climate variability and change on ﬁshery-based livelihoods. Mar
Policy 34:375–383
Baker-Austin C, Trinanes JA, Taylor NGH, Hartnell R, Siitonen A,
Martinez-Urtaza J (2013) Emerging Vibrio risk at high latitudes in
response to ocean warming. Nature Clim Change 3:73–77
Barange M, Merino G, Blanchard JL, Scholtens J, Harle J, Allison EH,
Allen JI, Holt J, Jennings S (2014) Impacts of climate change on
marine ecosystem production in societies dependent on ﬁsheries.
Nature Clim Change 4:211–216
Barrett JH, Locker AM, Roberts CM (2004) The origins of intensive
marine ﬁshing in medieval Europe: the English evidence. Proc R
Soc B 271:2417–2421
Baudron AR, Fernandez PG (2015) Adverse consequences of stock
recovery: European hake, a new “choke” species under a discard
ban? Fish Fish 16:563–575
Beare DJ, Burns F, Greig A, Jones EG, Peach K, Kienzle M,
McKenzie E, Reid DG (2004a) Long-term increases in prevalence
of North Sea ﬁshes having southern biogeographic afﬁnities. Mar
Ecol-Prog Ser 284:269–278
Beare D, Burns F, Peach K, Portilla E, Greig T, McKenzie E, Reid D
(2004b) An increase in the abundance of anchovies and sardines in
the north-western North Sea since 1995. Glob Change Biol 10:1–5
Beare D, Burns F, Jones E, Peach K, Reid D (2005) Red mullet
migration into the northern North Sea during late winter. J Sea Res
53:205–212
Beaugrand G, Reid PC, Ibańez F (2002) Reorganization of North
Atlantic marine copepod biodiversity and climate. Science
296:1692–1694
Beaugrand G, Brander KM, Lindley JA, Souissi S, Reid PC (2003)
Plankton effect on cod recruitment in the North Sea. Nature
426:661–664
Beaugrand G, Lenoir S, Ibañez F, Manté C (2011) A new model to
assess the probability of occurrence of a species, based on
presence-only data. Mar Ecol-Prog Ser 424:175–190
Blackford JC, Gilbert FJ (2007) Ph variability and CO2-induced
acidiﬁcation in the North Sea. J Mar Syst 64:229–241
Brander KM, Mohn R (2004) Effect of the North Atlantic Oscillation
on the recruitment of Atlantic cod (Gadus morhua). Can J Fish
Aquat Sci 61:1558–1564
Brunel T, Boucher J (2007) Long-term trends in ﬁsh recruitment in the
north-east Atlantic related to climate change. Fish Oceanogr
16:336–349
Burrows MT, Schoeman DS, Buckley LB, Moore P, Poloczanska ES,
Brander KM, Brown C, Bruno JF, Duarte CM, Halpern BS,
Holding J, Kappel CV, Kiessling W, O’Connor MI, Pandolﬁ JM,
Parmesan C, Schwing FB, Sydeman WJ, Richardson AJ (2007) The
pace of shifting climate in marine and terrestrial ecosystems.
Science 334:652–655
Caldeira K, Wickett ME (2003) Anthropogenic carbon and ocean pH.
Nature 425:365–365
Campos CJA, Lees DN (2014) Environmental transmission of human
noroviruses in shellﬁsh waters. Appl Env Microbiol 80:3552–3561
Capuzzo E, Stephens D, Silva T, Barry J, Forster RM (2015) Decrease
in water clarity of the southern and central North Sea during the
20th century. Glob Change Biol 21:2206–2214
Cheung WWL, Lam VWY, Sarmiento JL, Kearney K, Watson R,
Pauly D (2009) Projecting global marine biodiversity impacts under
climate change scenarios. Fish Fish 10:235–251
Cheung WWL, Lam VWY, Sarmiento JL, Kearney K, Watson R,
Zeller D, Pauly D (2010) Large-scale redistribution of maximum
ﬁsheries catch potential in the global ocean under climate change.
Glob Change Biol 16:24–35
Cheung WWL, Dunne J, Sarmiento JL, Pauly D (2011) Integrating
ecophysiology and plankton dynamics into projected maximum
ﬁsheries catch potential under climate change in the Northeast
Atlantic. ICES J Mar Sci 68:1008–1018
Cheung WWL, Pinnegar JK, Merino G, Jones MC, Barange M (2012)
Review of climate change and marine ﬁsheries in the UK and
Ireland. Aquat Conserv 22:368–388
Cheung WWL, Sarmiento JL, Dunne J, Frölicher L, Lam VWY,
Palomares MLD, Watson R, Pauly D (2013) Shrinking of ﬁshes
exacerbates impacts of global ocean changes on marine ecosystems.
Nature Clim Change 3:254–258
Clarke RA, Fox CJ, Viner D, Livermore M (2003) North Sea cod and
climate change – modelling the effects of temperature on population
dynamics. Glob Change Biol 9:1669–1680
Cook RM, Heath MR (2005) The implications of warming climate for
the management of North Sea demersal ﬁsheries. ICES J Mar Sci
62:1322–1326
Cooley SR, Doney SC (2009) Anticipating ocean acidiﬁcation’s
economic consequences for commercial ﬁsheries. Env Res Lett 4:
doi:10.1088/1748-9326/4/2/024007
Cucco A, Sinerchia M, Lefrançois C, Magni P, Ghezzo M,
Umgiesser G, Perilli A, Domenici P (2012) A metabolic scope
based model of ﬁsh response to environmental changes. Ecol Model
237–238:132–141
Cushing DH (1982) Climate and ﬁsheries. Academic Press, London
Cushing DH (1990) Plankton production and year-class strength in ﬁsh
populations: an update of the match/ mismatch hypothesis. Adv Mar
Biol 26:249–293
Davis AJ, Jenkinson LS, Lawton JH, Shorrocks B, Wood S (1998)
Making mistakes when predicting shifts in species range in response
to global warming. Nature 391:783–786
de Winter RC, Sterl A, Ruessink BG (2013) Wind extremes in the
North Sea Basin under climate change: An ensemble study of 12
CMIP5 GCMs. J Geophys Res 118:1601–1612
Defra (2013) Economics of climate resilience: natural environment –
ﬁsheries. February 2013. Department for Environment, Food and
Rural Affairs (Defra), UK
Diaz RJ, Rosenberg R (2008) Spreading dead zones and consequences
for marine ecosystems. Science 321:926–929
Dickey-Collas M, Engelhard GH, Rindorf A, Raab K, Smout S,
Aarts G, van Deurs M, Brunel T, Hoff A, Lauerburg RAM,
Garthe S, Andersen KH, Scott F, van Kooten T, Beare D, Peck MA
(2013) Ecosystem-based management objectives for the North Sea:
riding the forage ﬁsh rollercoaster. ICES J Mar Sci 71:128–142
Drinkwater KF (2005) The response of Atlantic cod (Gadus morhua) to
future climate change. ICES J Mar Sci 62:1327–1337
Dulvy NK, Rogers SI, Jennings S, Stelzenmüller V, Dye SR,
Skjoldal HR (2008) Climate change and deepening of the North
Sea ﬁsh assemblage: a biotic indicator of warming seas. J Appl Ecol
45:1029–1039
Ehrich S, Stransky C (1999) Fishing effects in northeast Atlantic shelf
seas: patterns in ﬁshing effort, diversity and community structure.
VI. Gale effects on vertical distribution and structure of a ﬁsh
assemblage in the North Sea. Fish Res 40:185–193
Engelhard GH, Pinnegar JK, Kell LT, Rijnsdorp AD (2011) Nine
decades of North Sea sole and plaice distribution. ICES J Mar Sci
68:1090–1104
12 Socio-economic Impacts—Fisheries 391
Engelhard GH, Peck MA, Rindorf A, Smout S, van Deurs M, Raab K,
Andersen KH, Garthe S, Lauerburg RAM, Scott F, Brunel T,
Aarts G, van Kooten T, Dickey-Collas M (2014a) Forage ﬁsh, their
ﬁsheries, and their predators: who drives whom? ICES J Mar Sci
71:90–104
Engelhard GH, Righton DA, Pinnegar JK (2014b) Climate change and
ﬁshing: a century of shifting distribution in North Sea cod. Glob
Change Biol 20:2473–2483
Engelhard GH, Lynam CP, García-Carreras B, Dolder PJ, Mackinson S
(2015) Effort reduction and the large ﬁsh indicator: spatial trends
reveal positive impacts of recent European fleet reduction schemes.
Environ Conserv 42:227–236
Enghoff IB, MacKenzie BR, Nielsen EE (2007) The Danish ﬁsh fauna
during the warm Atlantic period (ca. 7000–3900 BC): Forerunner of
future changes? Fish Res 87:167–180
EU (2011) Regional social and economic impacts of change in
ﬁsheries-dependent communities. Lot 4: Impact Assessment Studies
related to the CFP – Final Report. European Commission, March 2011
Fabry VJ, Seibel BA, Feely RA, Orr JC (2008) Impacts of ocean
acidiﬁcation on marine fauna and ecosystem processes. ICES J Mar
Sci 65:414–432
Fincham JI, Rijnsdorp AD, Engelhard GH (2013) Shifts in the timing of
spawning in sole linked to warming sea temperatures. J Sea Res
75:69–76
Franke A, Clemmesen C (2011) Effect of ocean acidiﬁcation on early
life stages of Atlantic herring (Clupea harengus L.). Biogeosciences
8:3697–3707
Freitas V, Campos J, Fonds M, van der Veer HW (2007) Potential
impact of temperature change on epibenthic predator bivalve prey
interactions in temperate estuaries. J Therm Biol 32:328–340
Gazeau FPH, Gattuso JP, Dawber C, Pronker AE, Peene F, Peene J,
Heip CHR, Middelburg JJ (2010) Effect of ocean acidiﬁcation on
the early life stages of the blue mussel Mytilus edulis. Biogeo-
sciences 7:2051–2060
Godø OR, Engås A (1989) Swept area variation with depth and its
influence on abundance indices of groundﬁsh from trawl surveys.
J Northwest Atl Fish Sci 9:133–139
Greve W, Prinage WS, Zidowitz H, Nast J, Reiners F (2005) On the
phenology ofNorth Sea ichthyoplankton. ICES JMarSci 62:1216–1223
Grifﬁth GP, Fulton EA, Richardson AJ (2011) Effects of ﬁshing and
acidiﬁcation-related benthic mortality on the southeast Australian
marine ecosystem. Glob Change Biol 17:3058–3074
Gröger JP, Kruse GH, Rohlf N (2010) Slave to the rhythm: how
large-scale climate cycles trigger herring (Clupea harengus)
regeneration in the North Sea. ICES J Mar Sci 67:454–465
Hale R, Calosi P, Mcneill L, Mieszkowska N, Widdicombe S (2011)
Predicted levels of future ocean acidiﬁcation and temperature rise
could alter community structure and biodiversity in marine benthic
communities. Oikos 120:661–674
Hannesson R (2007) Global warming and ﬁsh migrations. Nat Res
Model 20:301–319
Harden Jones FR, Scholes P (1980) Wind and the catch of a Lowestoft
trawler. J Cons Int Explor Mer 39:53–69
Harvell CD, Kim K, Burkholder JM, Colwell RR, Epstein PR,
Grimes DJ, Hofmann EE, Lipp EK, Osterhaus ADME, Over-
street RM, Porter JW, Smith GW, Vasta GR (1999) Emerging
marine diseases-climate links and anthropogenic factors. Science
285:1505–1510
Hastie LC, Pierce GJ, Wang J, Bruno I, Moreno A, Piatkowski U,
Robin JP (2009a) Cephalopods in the north-eastern Atlantic:
species, biogeography, ecology, exploitation and conservation.
Oceanogr Mar Biol, Annu Rev 47:111–190
Hastie L, Pierce G, Pita C, Viana M, Smith J, Wangvoralak S (2009b)
Squid ﬁshing in UK waters. A Report to SEAFISH Industry
Authority. School of Biological Sciences, University of Aberdeen
Hátún H, Payne MR, Beaugrand G, Reid PC, Sandø AB, Drange H,
Hansen B, Jacobsen JA, Bloch D (2009) Large bio-geographical
shifts in the north-eastern Atlantic Ocean: From the subpolar gyre,
via plankton, to blue whiting and pilot whales. Prog Oceanogr
80:149–162
Heath MR (2007) Responses of ﬁsh to climate fluctuations in the
Northeast Atlantic. In: Emery LE (ed) The Practicalities of Climate
Change: Adaptation and Mitigation. Proceedings of the 24th
Conference of the Institute of Ecology and Environmental Man-
agement, Cardiff
Heath MR, Brander K (2001) Workshop on Gadoid Stocks in the North
Sea during the 1960s and 1970s. The Fourth ICES/GLOBEC
Backward-Facing Workshop, 1999. ICES Coop Res Rep 244
Heath MR, Neat FC, Pinnegar JK, Reid DG, Sims DW, Wright PJ
(2012) Review of climate change impacts on marine ﬁsh and
shellﬁsh around the UK and Ireland. Aquat Conserv 22:337–367
Henderson PA, Seaby RM (2005) The role of climate in determining
the temporal variation in abundance and growth of sole Solea in the
Bristol Channel. J Mar Biol Assoc UK 85:197–204
Henderson PA, Seaby RM, Somes JR (2006) A 25-year study of
climatic and density-dependent population regulation of common
shrimp Crangon crangon (Crustacea: Caridea) in the Bristol
Channel. J Mar Biol Assoc UK 86:287–298
Hendriks IL, Duarte CM, Alvarez M (2010) Vulnerability of marine
biodiversity to ocean acidiﬁcation: a meta-analysis. Est Coast Shelf
Sci 86:157–164
Hiddink JG, Ter Hofstede R (2008) Climate induced increases in
species richness of marine ﬁshes. Glob Change Biol 14:453–460
Hjort J (1914) Fluctuations in the great ﬁsheries of Northern Europe
viewed in the light of biological research. Rapp p-v Reun
(Dan) 20:1–228
Hobday A, Pecl GT (2014) Identiﬁcation of global marine hotspots:
sentinels for change and vanguards for adaptation. Rev Fish Biol
Fisher 24:415–425
Hollowed AB, Bond NA, Wilderbuer TK, Stockhausen WT, A’mar ZT,
Beamish RJ, Overland JE, Schirripa MJ (2009) A framework for
modelling ﬁsh and shellﬁsh responses to future climate change.
ICES J Mar Sci 66:1584–1594
Hughes KM, Dransfeld L, Johnson MP (2014) Changes in the spatial
distribution of spawning activity by north-east Atlantic mackerel in
warming seas: 1977–2010. Mar Biol 161:2563–2576
Hutton T, Mardle S, Pascoe S, Clark RA (2004) Modelling ﬁshing
location choice within mixed ﬁsheries: English North Sea beam
trawlers in 2000 and 2001. ICES J Mar Sci 61:1443–1452
ICES (2012) Report of the Working Group on Assessment of New
MoU Species (WGNEW). ICES CM 2012/ACOM:20
ICES (2014a) Report of the Working Group for the Assessment of
Demersal Stocks in the North Sea and Skagerrak (WGNSSK),
ICES CM 2014/ACOM:13
ICES (2014b) Report of the Arctic Fisheries Working Group (AFWG),
ICES CM 2014/ACOM:05
IPCC (2013) Climate Change 2013: The Physical Science Basis.
Contribution of Working Group I to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change. Stocker TF,
Qin D, Plattner G-K, Tignor M, Allen SK, Boschung J, Nauels A,
Xia Y, Bex V, Midgley PM (eds.). Cambridge University Press
Jansen T, Gislason H (2011) Temperature affects the timing of spawning
and migration of North Sea mackerel. Cont Shelf Res 31:64–72
Jansen T, Kristensen K, Payne M, Edwards M, Schrum C, Pitois S
(2012) Long-term retrospective analysis of mackerel spawning in
the North Sea: a new time series and modeling approach to CPR
data. PLoS ONE 7:e38758
Jennings S, Blanchard JL (2004) Fish abundance with no ﬁshing:
predictions based on macroecological theory. J Anim Ecol 73:632–
642
392 J.K. Pinnegar et al.
Jennings S, Brander K (2010) Predicting the effects of climate change
on marine communities and the consequences for ﬁsheries. J Mar
Syst 79:418–426
Jones MC, Dye SR, Pinnegar JK, Warren R, Cheung WWL (2012)
Modelling commercial ﬁsh distributions: Prediction and assessment
using different approaches. Ecol Model 225:133–145
Jones MC, Dye SR, Fernandes JA, Frölicher TL, Pinnegar JK,
Warren R, Cheung WWL (2013) Predicting the impact of climate
change on threatened species in UK waters. PLoS ONE 8:e54216
Jones MC, Dye SR, Pinnegar JK, Warren R, Cheung WWL (2015)
Using scenarios to project the changing proﬁtability of ﬁsheries
under climate change. Fish Fish 16:603–622
Kaplan IC, Levin PS, Burden M, Fulton EA (2010) Fishing catch
shares in the face of global change: a framework for integrating
cumulative impacts and single species management. Can J Fish
Aquat Sci 67:1968–1982
Karpechko AY (2010) Uncertainties in future climate attributable to
uncertainties in future Northern Annular Mode trend. Geophys Res
Lett 37:doi:10.1029/2010gl044717
Kell LT, Pilling GM, O’Brien CM (2005) Implications of climate
change for the management of North Sea cod (Gadus morhua).
ICES J Mar Sci 62:1483–1491
Kempf A, Stelzenmüller V, Akimova A, Floeter J (2014) Spatial
assessment of predator–prey relationships in the North Sea: the
influence of abiotic habitat properties on the spatial overlap between
0-group cod and grey gurnard. Fish Oceanogr 22:174–192
Kroeker KJ, Kordas RL, Crim RN, Singh GG (2010) Meta-analysis
reveals negative yet variable effects of ocean acidiﬁcation on marine
organisms. Ecol Lett 13:1419–1434
Laevastu T, Hayes ML (1981) Fisheries oceanography and ecology.
Fishing News Books, Farnham, Surrey
Laursen LH, Hansen HL, Jensen OC (2008) Fatal occupational
accidents in Danish ﬁshing vessels 1989–2005. Int J Inj Contr Saf
Promot 15:109–117
Le Quesne WJF, Pinnegar JK (2012) The potential impacts of ocean
acidiﬁcation: Scaling from physiology to ﬁsheries. Fish Fisher
13:333–344
Lenoir S, Beaugrand G, Lecuyer E (2011) Modelled spatial distribution
of marine ﬁsh and projected modiﬁcations in the North Atlantic
Ocean. Glob Change Biol 17:115–129
Lincoln JM, Lucas DL (2010) Occupational fatalities in the United
States commercial ﬁshing industry, 2000–2009. J Agromedicine
15:343–350
Lindegren M, Möllmann C, Nielsen A, Brander K, MacKenzie BR,
Stenseth NC (2010) Ecological forecasting under climate change.
Proc R Soc B 277:2121–2130
Link JS, Nye JA, Hare JA (2011) Guidelines for incorporating ﬁsh
distribution shifts into a ﬁsheries management context. Fish Fish
12:461–469
Llopiz JK, Cowen RK, Hauff MJ, Ji R, Munday P, Muhling B,
Peck MA, Richardson DE, Sogard S, Sponaugle S (2014) Early life
history and ﬁsheries oceanography: new questions in a changing
world. Oceanography 27:26–41
Lowe JA, Howard T, Pardaens A, Tinker J, Holt J, Wakelin S, Milne G,
Leake J, Wolf J, Horsburgh K, Reeder T, Jenkins G, Ridley J, Dye S,
Bradley S (2009) UK Climate Projections science report: Marine and
coastal projections. Met Ofﬁce Hadley Centre, Exeter, UK
Lynam CP, Hay SJ, Brierley AS (2004) Interannual variability in
abundance of North Sea jellyﬁsh and links to the North Atlantic
Oscillation. Limnol Oceanogr 49:637–643
Lynam CP, Heath MR, Hay SJ, Brierley AS (2005) Evidence for
impacts by jellyﬁsh on North Sea herring recruitment. Mar
Ecol-Prog Ser 298:157–167
Mackenzie BR, Schiedek D (2007) Daily ocean monitoring since the
1860s shows record warming of northern European seas. Glob
Change Biol 13:1335–1347
MAIB (2008) Analysis of UK ﬁshing vessel safety – 1992 to 2006.
Marine Accident Investigation Branch, Southampton, UK
Maravelias CD (1997) Trends in abundance and geographic distribu-
tion of North Sea herring in relation to environmental factors. Mar
Ecol-Prog Ser 159:151–164
Matthews T, Murphy C, Wilby RL, Harrigan S (2014) Stormiest winter
on record for Ireland and UK. Nature Clim Change 4:738–740
McClanahan TR, Cinner JE, Maina J, Graham NAJ, Daw TM,
Stead SM, Wamukota A, Brown K, Ateweberhan, Venus V,
Polunin NVC (2008) Conservation action in a changing climate.
Conserv Lett 1:53–59
McIlgorm A, Hanna S, Knapp G, Le Floc’ HP, Millerd F, Pan M
(2010) How will climate change alter ﬁshery governance Insights
from seven international case studies. Mar Policy 34:170–177
Meager JJ, Batty RS (2007) Effects of turbidity on the spontaneous and
prey-searching activity of juvenile Atlantic cod (Gadus morhua).
Phil Trans Roy Soc B 362:2123–2130
Meehl GA, Zwiers F, Evans J, Knutson T, Mearns L, Whetton P (2000)
Trends in extreme weather and climate events: issues related to
modelling extremes in projections of future climate change. Bull
Am Met Soc 81:427–436
Meire L, Soetaert KER, Meysman FJR (2013) Impact of global change
on coastal oxygen dynamics and risk of hypoxia. Biogeosciences
10:2633–2653
Mendiola D, Alvarez P, Cotano U, Martínezde Murguía A (2007) Early
development and growth of the laboratory reared north-east Atlantic
mackerel Scomber scombrus L. J Fish Biol 70:911–933
Merino G, Barange M, Mullon C (2010a) Climate change scenarios for
a marine commodity: Modelling small pelagic ﬁsh, ﬁsheries and
ﬁshmeal in a globalized market. J Mar Sys 81:196–205
Merino G, Barange M, Mullon C (2010b) Impacts of aquaculture
expansion and environmental change on marine ecosystems. Global
Environ Change 20:586–596
Mieszkowska N, Genner MJ, Hawkins SJ, Sims DW (2009) Effects of
climate change and commercial ﬁshing on Atlantic cod Gadus
morhua. Adv Mar Biol 56:213–273
Miller KA (2007) Climate variability and tropical tuna: Management
challenges for highly migratory ﬁsh stocks. Mar Policy 31:56–70
Montero-Serra I, Edwards M, Genner MJ (2015) Warming shelf seas
drive the subtropicalization of European pelagic ﬁsh communities.
Glob Change Biol 21:144–153
Nash RDM, Dickey-Collas M (2005) The influence of life history
dynamics and environment on the determination of year class
strength in North Sea herring (Clupea harengus L.). Fish Oceanogr
14:279–291
O’Brien CM, Fox CJ, Planque B, Casey J (2000) Climate variability
and North Sea cod. Nature 404:142
Orr JC, Fabry VJ, Aumont O, Bopp L et al. (2005) Anthropogenic
ocean acidiﬁcation over the twenty-ﬁrst century and its impact on
calcifying organisms. Nature 437:681–686
OttersenG,HjermannDØ, StensethNC (2006)Changes in spawning stock
structure strengthen the link between climate and recruitment in a
heavily ﬁshed cod (Gadus morhua) stock. Fish Oceanogr 15:230–243
Pawson MG (1992) Climatic influences on the spawning success,
growth and recruitment of bass (Dicentrarchus labrax L.) in British
waters. ICES Mar Sci Symp 195:388–392
Pawson MG, Kupschus S, Pickett GD (2007) The status of sea bass
(Dicentrarchus labrax) stocks around England and Wales, derived
using a separable catch-at-age model, and implications for ﬁsheries
management. ICES J Mar Sci 64:346–356
12 Socio-economic Impacts—Fisheries 393
Pearson RG, Dawson TP (2003) Predicting the impacts of climate
change on the distribution of species: are bioclimate envelope
models useful? Global Ecol Biogeogr 12:361–371
Pearson PN, Palmer MR (2000) Atmospheric carbon dioxide concen-
trations over the past 60 million years. Nature 406:695–699
Peck MA, Hufnagl M (2012) Can IBMs explain why most larvae die in
the sea? Model scenarios and sensitivity analyses reveal research
needs. J Mar Syst 93:77–93
Perry AL, Low PJ, Ellis JR, Reynolds JD (2005) Climate change and
distribution shifts in marine ﬁshes. Science 308:1912–1915
Petitgas P, Alheit J, Peck MA, Raab K, Irigoien X, Huret M, van der
Kooij J, Pohlmann T, Wagner C, Zarraonaindia I, Dickey-Collas M
(2012) Anchovy population expansion in the North Sea. Mar
Ecol-Prog Ser 444:1–13
Petitgas P, Rijnsdorp AD, Dickey-Collas M. Engelhard GH, Peck MA,
Pinnegar JK, Drinkwater K, Huret M, Nash RDM (2013) Impacts of
climate change on the complex life cycles of ﬁsh. Fish Oceanogr
22:121–139
Pinnegar JK, Hutton TP, Placenti V (2006) What relative seafood prices
can tell us about the status of stocks. Fish Fish 7:219–226
Pinnegar J, Watt T, Kennedy K (2012) CCRA Risk Assessment for the
Marine and Fisheries Sector. UK 2012 Climate Change Risk
Assessment: Department for Environment, Food and Rural Affairs
(Defra), London
Pinnegar JK, Cheung WWL, Jones M, Merino G, Turrell W, Reid D
(2013) Impacts of climate change on ﬁsheries. MCCIP Sci Rev
2013:302–317
Planque B, Frédou T (1999) Temperature and the recruitment of
Atlantic cod (Gadus morhua). Can J Fish Aquat Sci 56:2069–2077
Pörtner HO (2010) Oxygen- and capacity-limitation of thermal
tolerance: a matrix for integrating climate-related stressor effects
in marine ecosystems. J Exp Biol 213:881–893
Pörtner HO, Farrell AP (2008) Physiology and climate change. Science
322:690–692
Pörtner HO, Knust R (2007) Climate change affects marine ﬁshes through the
oxygen limitation of thermal tolerance. Science 315:95–97
Pörtner HO, Peck MA (2010) Climate change impacts on ﬁsh and
ﬁsheries: towards a cause and effect understanding. J Fish Biol
77:1745–1779
Poulard J-C, Trenkel VM (2007) Do survey design and wind conditions
influence survey indices? Can J Fish Aquat Sci 64:1551–1562
Purcell JE (2012) Jellyﬁsh and ctenophore blooms coincide with human
proliferations and environmental perturbations. Ann RevMar Sci 4:209–235
Purcell JE, Arai MN (2001) Interactions of pelagic cnidarians and
ctenophores with ﬁsh: a review. Hydrobiologia 451:27–44
Queste BY, Fernand L, Jickells TD, Heywood KJ (2012) Spatial extent
and historical context of North Sea oxygen depletion in August
2010. Biogeochemistry 113:53–68
Ralston EP, Kite-Powell H, Beet A (2011) An estimate of the cost of
acute health effects from food and water-borne marine pathogens
and toxins in the USA. J Water Health 9:680–694
Reid PC, Borges MF, Svendsen E (2001) A regime shift in the North
Sea circa 1988 linked to changes in the North Sea horse mackerel
ﬁshery. Fish Res 50:163–171
Reid CR, Edwards M, Beaugrand G, Skogen M, Stevens D (2003) Periodic
changes in the zooplankton of the North Sea during the twentieth century
linked to oceanic inflow. Fish Oceanogr 12:260–269
Riley JD, Symonds DJ, Woolner L (1981) On the factors influencing
the distribution of 0-group demersal ﬁsh in coastal waters. Rap
Process 178:223–228
Robin JP, Denis V (1999) Squid stock fluctuations and water
temperature: temporal analysis of English Channel Loliginidae.
J Appl Ecol 36:101–110
Rutterford LA, Simpson SD, Jennings S, Johnson MP, Blanchard JL,
Schön P-J, Sims DW, Tinker JY, Genner MJ (2015) Future ﬁsh
distributions constrained by depth in warming seas. Nature Clim
Change 5:569–573
Shephard S, Beukers-Stewart B, Hiddink JG, Brand AR, Kaiser MJ
(2010) Strengthening recruitment of exploited scallops Pecten
mximus with ocean warming. Mar Biol 157:91–97
Siegel V, Gröger J, Neudecker T, Damm U, Jansen S (2005) Long-term
variation in the abundance of the brown shrimp Crangon crangon
(L.) population of the German Bight and possible causes for its
interannual variability. Fish Oceanogr 14:1–16
Simpson SD, Jennings S, Johnson MP, Blanchard JL, Schon PJ, Sims DW,
Genner MJ (2011) Continental shelf-wide response of a ﬁsh assemblage to
rapid warming of the sea. Curr Biol 21:1565–1570
Sims DW, Genner MJ, Southward AJ, Hawkins SJ (2001) Timing of
squid migration reflects North Atlantic climate variability. Proc R
Soc B 268:2607–2611
Skinner JA (2009) The changing distribution of haddock Melanogram-
mus aegleﬁnus in the North Sea: effects of ﬁshing effort and
environmental variation over the last century. MSc Thesis, Univer-
sity of East Anglia, Norwich
STECF (2013) The 2013 Annual Economic Report on the EU Fishing
Fleet (STECF-13-15). 2013. Scientiﬁc, Technical and Economic
Committee for Fisheries (STECF), JRC 84745
Stramma L, Prince ED, Schmidtko S, Luo J, Hoolihan JP, Visbeck M,
Wallace DWR, Brandt P, Körtzinger A (2011) Expansion of oxygen
minimum zones may reduce available habitat for tropical pelagic
ﬁshes. Nature Clim Change 2:33–37
StyfHK,NilssonSköldH, ErikssonSP (2013) Embryonic response to long-term
exposureof themarinecrustaceanNephropsnorvegicus tooceanacidiﬁcation
and elevated temperature. Ecol Evol 3:5055–5065
Sumaila R, Cheung WWL (2009) The Costs to Developing Countries
of Adapting to Climate Change New Methods and Estimates. In:
Global Report of the Economics of Adaptation to Climate Change
Study (Consultation Draft). World Bank, Washington
Teal LR, De Leeuw JJ, Van der Veer HW, Rijnsdorp AD (2008) Effects
of climate change on growth of 0-group sole and plaice. Mar
Ecol-Prog Ser 358:219–230
Ulbrich U, Pinto JG, Kupfer H, Leckebusch GC, Spangehl T, Reyers M
(2008) Changing northern hemisphere storm tracks in an ensemble
of IPCC climate change simulations. J Clim 21:1669–1670
Van den Eynde D, De Sutter R, De Smet L, Francken F, Haelters J,
Maes F, Malfait E, Ozer J, Polet H, Ponsar S, Reyns J, Van der
Biest K, Vanderperren E, Verwaest T, Volckaert A, Willekens M
(2011) Evaluation of climate change impacts and adaptation
responses for marine activities “CLIMAR”. Final Report Brussels:
Belgian Science Policy Ofﬁce 2011
van der Molen J, Aldridge JN, Coughlan C, Parker ER, Stephens D, Ruardij P
(2013)Modellingmarine ecosystem response to climate change and trawling
in the North Sea. Biogeochemistry 113:213–236
van der Veer HW, Witte JIL (1999) Year-class strength of plaice
Pleuronectes platessa in the Southern Bight of the North Sea: a
validation and analysis of the inverse relationship with winter
seawater temperature. Mar Ecol-Prog Ser 184:245–257
van Hal R, Smits K, Rijnsdorp AD (2014) How climate warming
impacts the distribution and abundance of two small flatﬁsh species
in the North Sea. J Sea Res 64:76–84
an Keeken OA, van Hoppe M, Grift RE, Rijnsdorp AD (2007) Changes
in the spatial distribution of North Sea plaice (Pleuronectes platessa)
and implications for ﬁsheries management. J Sea Res 57:187–197
Vanderperren E, De Sutter R, Polet H (2009) Climate change: threat or
opportunity for Belgian sea ﬁsheries? IOP Conf. Series: Earth
Environ Sci 6, 352042. doi:10.1088/1755-1307/6/5/352042
Vaz S, Loots C (2009) Impact of environmental change on plaice and
red mullet in the North Sea and eastern English Channel. In:
Drinkwater et al. (ed) Report on the effects of future climate change
on distribution, migration pattern, growth and reproduction of key
394 J.K. Pinnegar et al.
ﬁsh stocks. RECLAIM – Resolving Climatic Impacts on Fish
Stocks. www.climateandﬁsh.eu
Walden H, Schubert K (1965) Untersuchungen über die Beziehungen
zwischen Wind und Herings-Fangertrag in der Nordsee. Ber Dtsch
Wiss Komm Meeresforsch 28:194–221
Wang XL, Wan H, Zwiers FW, Swail VR, Compo GP, Allan RJ,
Vose RS, Jourdain S, Yin X (2011) Trends and low-frequency
variability of storminess over western Europe, 1878-2007. Clim
Dynam 37:2355–2371
Wieland K, Olesen HJ, Fenger Pedersen EM, Beyer JE (2011) Potential
bias in estimates of abundance and distribution of North Sea cod
(Gadus morhua) due to strong winds prevailing prior or during a
survey. Fish Res 110:325–330
Woodhead PMJ (1964) The death of north sea ﬁsh during the winter of
1962/63, particularly with reference to the sole, Solea vulgaris.
Helgoland wiss Meer 10:283–300
Woolf D, Wolf J (2013) Impacts of climate change on storms and
waves. MCCIP Science Rev 2013:20–26
World Bank (2013) Fish to 2030: Prospects for Fisheries and
Aquaculture. World Bank Report number 83177-GLB. World
Bank, Washington
12 Socio-economic Impacts—Fisheries 395
